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Chapter 1. Introduction

CHAPTER 1: INTRODUCTION

The Regulatory Impact Analysis (RIA) for this rule presents analysis and supporting data for
the provisions EPA is reviewing or promulgating for model year 2004 and later on-highway heavy-
duty diesel and otto-cycle engines and vehicles. This chapter presents a brief summary of each
chapter contained in the (RIA) that follows.

I. Summary of the Regulatory Impact Analysis
A. Chapter 2—Health and Welfare Concerns

Chapter 2 provides an overview of the health and environmental effects associated with
ozone, particulate matter, and other harmful pollution associated with emissions from heavy-duty
engines and vehicles. Chapter 2 reviews some of EPA’s key concerns at this time. The chapter also
provides national NOx and VOC emissions inventories and emissions trends, with specific emphasis
on the contribution from on-highway heavy-duty diesel and otto-cycle vehicles.

B. Chapter 3—Technological Feasibility of HD Diesel and Otto-cycle
Standards

To achieve the standards reviewed or promulgated in this rule, heavy-duty engine
manufacturers will need to consider a combination of new and existing emission control devices.
Chapter 3 presents the technologies available and discusses their ability to reach the required
emission levels. Chapter 3 is divided into two major sub-chapters, the first dealing with HD diesel
technologies, and the second with HD otto-cycle technologies.

C. Chapter 4—Economic Impact of HD Diesel Standards

Chapter 4 presents EPA’s best assessment of the economic impacts which will result from
the HD diesel standards. The assessment includes EPA’s estimates of the technology packages
manufactures will use, as well as the costs associated with new certification and compliance
requirements. Costs are estimated on a per-vehicle basis, as well as an aggregate cost to society.
Chapter 4 also includes an analysis which indicates how sensitive the cost assessment is to some of
EPA’s best estimates.

D. Chapter 5—Economic Impact of HD Otto-cycle Standards

Chapter 5 presents EPA’s best assessment of the economic impacts which will result from
the HD otto-cycle engine and vehicle standards. The assessment includes EPA’s estimates of the
technology packages manufactures will use, as well as the costs associated with new certification
and compliance requirements. Costs are estimated on a per-vehicle basis, as well as an aggregate
cost to society.
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E. Chapter 6—Environmental Impact of HD Diesel Standards

Chapter 6 describes the expected environmental impacts of the HD diesel engine NMHC plus
NOx emissions standards described in the preamble for this rule. The modeling methodology and
assumptions used to estimate nationwide NOx and VOC emission inventories (i.e., tons of pollutant
per year) are described, and the estimated benefits are presented. In addition, estimates of
nationwide PM inventories for HD diesel vehicles are presented.

F. Chapter 7—Environmental Impact of HD Otto-cycle Standards

Chapter 7 describes the expected environmental impacts of the exhaust and ORVR standards
for heavy-duty gasoline engines and vehicles described in the previous chapters. Specifically, the
chapter includes a description of how heavy-duty gasoline vehicle emission factors were developed,
the per-vehicle exhaust emission reductions due to the standards over the life of heavy-duty gasoline
vehicles, the estimated exhaust NOx and NMHC emission inventories from heavy-duty gasoline
vehicles, and the exhaust emission benefits from the exhaust standards. The chapter also includes
a description of the emission benefits from the ORVR requirements for Class 2b heavy-duty gasoline
vehicles.

G. Chapter 8—Cost-effectiveness for HD Diesel and Otto-cycle Requirements

Chapter 8 presents EPA’s estimated cost-effectiveness of the requirements for new heavy-
duty engines, including the new standards and related requirements, OBD, useful life, allowable
maintenance, in-use testing, and rebuild provisions. This analysis relies in part on cost information
from Chapters 4 and 5 and emissions information from Chapters 6 and 7 to estimate the cost-
effectiveness of the provisions in terms of dollars per ton of total emission reductions. Separate
analyses were performed for otto-cycle engines and diesel engines. Cost-effectiveness values are
presented on a per-vehicle basis using total costs and total NOx plus NMHC emission reductions
over the typical lifetime of a heavy-duty vehicle, discounted at a rate of seven percent to the
beginning of the vehicle's life. Analyses of the fleet cost-effectiveness for 30 model years after the
new engine standards take effect are also presented.
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CHAPTER 2: HEALTH AND WELFARE CONCERNS

|. Health and Welfare Concerns
A. Health and Welfare Effects from NMHC and NOx

Ground-level ozone, the main ingredient in smog, is formed by complex chemical reactions
of volatile organic compounds (VOC) and nitrogen oxides (NOx) in the presence of heat and
sunlight. Ozone forms readily in the lower atmosphere, usually during hot summer weather. VOCs
are emitted from a variety of sources, including motor vehicles, chemical plants, refineries, factories,
consumer and commercial products, and other industrial sources. VOCs also are emitted by natural
sources such as vegetation. NOx is emitted largely from motor vehicles, nonroad equipment, power
plants, and other sources of combustion.

The science of ozone formation, transport, and accumulation is complex. Ground-level
ozone is produced and destroyed in a cyclical set of chemical reactions involving NOx, VOC, heat,
and sunlight. As a result, differences in NOx and VOC emissions and weather patterns contribute
to daily, seasonal, and yearly differences in ozone concentrations and differences from city to city.
Many of the chemical reactions that are part of the ozone-forming cycle are sensitive to temperature
and sunlight. When ambient temperatures and sunlight levels remain high for several days and the
air is relatively stagnant, ozone and its precursors can build up and produce more ozone than
typically would occur on a single high temperature day. Further complicating matters, ozone also
can be transported into an area from pollution sources found hundreds of miles upwind, resulting in
elevated ozone levels even in areas with low VOC or NOx emissions.

Based on a large number of recent studies, EPA has identified several key health effects
caused when people are exposed to levels of ozone found today in many areas of thé Tountry.
Unless noted otherwise, the studies discussed in the remainder of sections I(A) and I(B) of this
Chapter are from references (1) and (2), EPA Report EPA-452/R-96-007 and EPA Report
EPA/600/P-93/004aF respectively. Short-term exposures (1-3 hours) to high ambient ozone
concentrations have been linked to increased hospital admissions and emergency room visits for
respiratory problems. For example, studies conducted in the northeastern U.S. and Canada show that
ozone air pollution is associated with 10-20 percent of all of the summertime respiratory-related
hospital admissions. Repeated exposure to ozone can make people more susceptible to respiratory
infection and lung inflammation and can aggravate preexisting respiratory diseases, such as asthma.
Exposure to ozone can cause repeated inflammation of the lung, impairment of lung defense
mechanisms, and irreversible changes in lung structure, which could lead to premature aging of the

(a) Carbon monoxide also participates in the production of ozone, albeit at a much slower rate than most VOC
and NOx compounds.
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lungs and/or chronic respiratory illnesses such as emphysema, chronic bronchitis and chronic
asthma.

Children are most at risk from ozone exposure because they typically are active outside,
playing and exercising, during the summer when ozone levels are highest. For example, summer
camp studies in the eastern U.S. and southeastern Canada have reported significant reductions in
lung function in children who are active outdoors. Further, children are more at risk than adults from
0zone exposure because their respiratory systems are still developing. Adults who are outdoors and
moderately active during the summer months, such as construction workers and other outdoor
workers, also are among those most at risk. These individuals, as well as people with respiratory
illnesses such as asthma, especially asthmatic children, can experience reduced lung function and
increased respiratory symptoms, such as chest pain and cough, when exposed to ozone during
periods of moderate exertion.

Evidence also exists of a possible relationship between daily increases in ozone levels and
increases in daily mortality levels. While the magnitude of this relationship is still too uncertain to
allow for direct quantification, the full body of evidence indicates a likely positive relationship
between ozone exposure and premature mortality.

In addition to the effects on human health, ozone is known to adversely affect the
environment in many ways. These effects include reduced yield for commodity crops, for fruits and
vegetables, and commercial forests; ecosystem and vegetation effects in such areas as National Parks
(Class | areas); damage to urban grass, flowers, shrubs, and trees; reduced yield in tree seedlings and
non-commercial forests; increased susceptibility of plants to pests; materials damage; and visibility.
Nitrogen oxides (NOXx), a key precursor to ozone, also results in nitrogen deposition into sensitive
nitrogen-saturated coastal estuaries and ecosystems, causing increased growth of algae and other
plants® NOx also is a contributor to acid deposition, which can damage trees at high elevations and
increases the acidity of lakes and streams, which can severely damage aquatic life. Finally, NOx
emissions can contribute to increased levels of particulate matter by changing into nitric acid in the
atmosphere and forming particulate nitrate.

In addition to their contribution to ozone levels, emissions of NMHC contain toxic air
pollutants that may have a significant effect on the public health, as discussed below.

B. Particulate Matter

Particulate matter (PM) represents a broad class of chemically and physically diverse
substances that exist as discrete particles (liquid droplets or solids) over a wide range of sizes.
Human-generated sources of particles include a variety of stationary and mobile sources. Particles
may be emitted directly to the atmosphere or may be formed by transformations of gaseous emissions
such as sulfur dioxide or nitrogen oxides. The major chemical and physical properties of PM vary
greatly with time, region, meteorology, and source category, thus complicating the assessment of
health and welfare effects as related to various indicators of particulate pollution. At elevated
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concentrations, particulate matter can adversely affect human health, visibility, and materials.
Components of particulate matter (e.g., sulfuric or nitric acid) contribute to acid depbsition.

Key EPA findings can be summarized as follows:

1. Health risks posed by inhaled particles are affected both by the penetration and deposition
of particles in the various regions of the respiratory tract, and by the biological responses to
these deposited materials.

2. The risks of adverse effects associated with deposition of ambient particles in the thorax
(tracheobronchial and alveolar regions of the respiratory tract) are markedly greater than for
deposition in the extrathoracic (head) region. Maximum particle penetration to the thoracic
regions occurs during oronasal or mouth breathing.

3. The key health effects categories associated with PM include premature death; aggravation
of respiratory and cardiovascular disease, as indicated by increased hospital admissions and
emergency room visits, school absences, work loss days, and restricted activity days; changes
in lung function and increased respiratory symptoms; changes to lung tissues and structure;
and altered respiratory defense mechanisms. Most of these effects have been consistently
associated with ambient PM concentrations, which have been used as a measure of
population exposure, in a large number of community epidemiological studies. Additional
information and insights on these effects are provided by studies of animal toxicology and
controlled human exposures to various constituents of PM conducted at higher than ambient
concentrations. Although mechanisms by which particles cause effects are not well known,
there is general agreement that the cardio-respiratory system is the major target of PM
effects.

4, Based on a qualitative assessment of the epidemiological evidence of effects associated with
PM for populations that appear to be at greatest risk with respect to particular health
endpoints, the EPA has concluded the following with respect to sensitive populations:

a. Individuals with respiratory disease (e.g., chronic obstructive pulmonary disease,
acute bronchitis) and cardiovascular disease (e.g., ischemic heart disease) are at
greater risk of premature mortality and hospitalization due to exposure to ambient
PM.

b. Individuals with infectious respiratory disease (e.g., pneumonia) are at greater risk
of premature mortality and morbidity (e.g., hospitalization, aggravation of respiratory
symptoms) due to exposure to ambient PM. Also, exposure to PM may increase
individuals’ susceptibility to respiratory infections.

C. Elderly individuals are also at greater risk of premature mortality and hospitalization
for cardiopulmonary problems due to exposure to ambient PM.
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d. Children are at greater risk of increased respiratory symptoms and decreased lung
function due to exposure to ambient PM.

e. Asthmatic individuals are at risk of exacerbation of symptoms associated with
asthma, and increased need for medical attention, due to exposure to PM.

5. There are fundamental physical and chemical differences between fine and coarse fraction
particles and it is reasonable to expect that differences may exist between the two subclasses
of PM,, in both the nature of potential effects and the relative concentrations required to
produce such effects. The specific components of PM that could be of concern to health
include components typically within the fine fraction (e.g., acid aerosols, sulfates, nitrates,
transition metals, diesel particles, and ultra fine particles), and other components typically
within the coarse fraction (e.g., silica and resuspended dust). While components of both
fractions can produce health effects, in general, the fine fraction appears to contain more of
the reactive substances potentially linked to the kinds of effects observed in the
epidemiological studies. The fine fraction also contains the largest number of particles and
a much larger aggregate surface area than the coarse fraction which enables the fine fraction
to have a substantially greater potential for absorption and deposition in the thoracic region,
as well as for dissolution or absorption of pollutant gases.

With respect to welfare or secondary effects, fine particles have been clearly associated with
the impairment of visibility over urban areas and large multi-state regions. Fine particles, or major
constituents thereof, also are implicated in materials damage, soiling and acid deposition. Coarse
fraction particles contribute to soiling and materials damage.

Particulate pollution is a problem affecting localities, both urban and non-urban, in all regions
of the United States. Manmade emissions that contribute to airborne particulate matter result
principally from stationary point sources (fuel combustion and industrial processes), industrial
process fugitive particulate emission sources, non-industrial fugitive sources (roadway dust from
paved and unpaved roads, wind erosion from crop land, etc.), and transportation sources. In addition
to manmade emissions, consideration must also be given to natural emissions including dust, sea
spray, volcanic emissions, biogenic emanation (e.g., pollen from plants), and emissions from wild
fires when assessing particulate pollution and devising control strategies.

II. Need for Ozone Control

A. Standards for 2004 HD Diesels Are a Key Part of State Air Pollution Control
Plans

Since we published the final rule establishing the 2004 HD diesel emission standards in 1997,
those states with State Implementation Plans (SIPs) have considered the projected emission
reductions from these engines to be an important component of their overall SIPs. The NOx and
NMHC nationwide emission reductions that will result from these standards beginning in the 2004
model year will help states to attain the ozone NAAQS. These states have incorporated the
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beneficial effects of the 2004 HD diesel standards into their air quality modeling and they continue
to count on the emission reductions from this program to meet their air quality goals.

B. New Standards for 2005 HD Gasoline Engines and Vehicles Are Important
for States in Meeting Their Air Quality Goals

Today, many states are finding it difficult to show how they can meet or maintain
compliance with the current National Ambient Air Quality Standard (NAAQS) for ozone by the
deadlines established in the Clean Air Act. In December, 1999, 92 million people (1990 population)
lived in 32 metropolitan areas designated nonattainment under the 1-hour ozone RAAQS.

There is a very clear risk that there will be elevated levels of ground-level ozone above the
1-hour NAAQS during the time period when the heavy-duty gasoline vehicle standards of this
rulemaking will take effect. The reductions in oxides of nitrogen (NOx) and volatile organic
compounds (VOCSs) projected from the proposed new standards will benefit public health and
welfare by reducing ozone levels. This assessment is based upon our recent and extensive ozone air
guality modeling and analysis performed for the Tier 2/Gasoline Sulfur rulemaking, which predicts
that a significant number of areas across the nation are at risk of failing to meet the 1-hour ozone
NAAQS even with Tier 2 and other controls currently in place. Because ozone concentrations
causing violations of the 1-hour ozone standard are well established to endanger public health and
welfare, we conclude that today’s new standards for 2005 and later gasoline heavy-duty vehicles are
warranted.

1. Projected Air Quality Problems Remain After Tier 2/Gasoline Sulfur
Program Is in Place

In conjunction with our Tier 2/Gasoline Sulfur rulemaking efforts, we performed ozone air
guality modeling for nearly the entire eastern U.S. covering metropolitan areas from Texas to the
Northeast, and for a western U.S. modeling domain. As a part of this modeling, we considered the
air quality of these areas after the Tier 2/Gasoline Sulfur program is implemented. This modeling
predicted that without further emission reductions, a significant number of areas now experiencing
0zone exceedances across the nation are at risk of failing to meet the 1-hour ozone NAAQS in 2004
and beyond, even with the Tier 2/Gasoline Sulfur program and other current controls in place.

The general pattern that the ozone modeling shows is a broad reduction between 1996 and
2007 in the geographic extent of ozone concentrations above the 1-hour NAAQS, and in the
frequency and severity of exceedances. In the absence of additional controls beyond those that will
be achieved by current control programs -- including the Tier 2/Gasoline Sulfur program -- we
expect there will be a slight decrease below 2007 ozone concentrations and frequencies of
exceedances in 2030. However, the general trends and modeling results show that many of the areas
we modeled may have exceedances continuously throughout the period from 2007 to 2030 without
further reductions in emissions. Others may briefly attain and then return to nonattainment by 2030
or earlier. Although for practical reasons we limited our modeling of 0zone concentrations to 1996,
2007, and 2030, we expect that concentrations between 2007 and 2030 will generally track the
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national emissions trend, showing a period of improvement after 2007 followed by a reversal of the
trend and deterioration back towards the 2007 levels. Because individual areas’ emissions trends
differ, we expect that the air quality of individual areas will also vary from this general pattern.

We believe that there is a risk that future air quality in each of these areas would exceed the
ozone standard during the time period when this rule will take effect. This belief is based on three
factors: (1) recent exceedances in 1995-1997 or 1996-1998, (2) predicted exceedances in 2007 or
2030 after accounting for reductions from Tier 2 and other local or regional controls currently in
place or required, and (3) our assessment of the magnitude of recent exceedances, the variability of
meteorological conditions, transport from areas with later attainment dates, and other variables
involved in predicting future attainment such as the potential for some areas to experience
unexpectedly high economic growth rates, growth in vehicle miles traveled, varying population
growth from area to area, and differences in vehicle choice.

Based on the Tier 2 modeling analyses and information from recently-submitted SIPs, we
have determined that over 71 million people (1996 population) in 21 metropolitan areas are likely
to be exposed to unhealthy levels of ground level ozone at some point in time between 2004 and
2030 without significant additional controls. These 21 areas are those that currently violate the 1-
hour ozone NAAQS and are predicted by the best ozone modeling we have available to exceed the
1-hour ozone standard without significant new controls. This analysis accounts for the expected
benefits from the Tier 2 program and other control programs already irpladees not include
additional control measures that states would need to implement to meet their requirements under
the recently proposed SIP findings. Table 2.1 lists these 21 areas.

(b) Air quality modeling shows that improvements in ozone levels can be expected to occur throughout the country
because of the Tier 2/Gasoline Sulfur program. EPA found that the program significantly lowers the model-
predicted number of exceedances of the ozone standard by one tenth in 2007, and by almost one-third in 2030 (Tier
2/Gasoline Sulfur Final RIA, Docket A-97-10, Document Number V-B-1).
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Table 2.1
Twenty-one Metropolitan Areas Likely to Exceed the 1-Hour Ozone NAAQS in 2004 or
Thereafter Without Additional Emission Reductions

1996
Metropolitan Area Population
(millions)
Baltimore-Hagerstown, MD PSMA 2.6
Barnstable-Yarmouth, MA MSA 0.2
Baton Rouge, LA MSA 0.6
Beaumont-Port Arthur, TX MSA 0.4
Birmingham, AL MSA 0.9
Boston-Worcester-Lawrence, MA-NH-ME-CT CMSA 5.6
Charlotte-Gastonia-Rock Hill, NC-SC MSA 1.3
Dallas-Fort Worth, TX CMSA 4.6
Houma, LA MSA 0.2
Houston-Galveston-Brazoria, TX CMSA 4.3
Huntington-Ashland, WV-KY-OH MSA 0.3
Indianapolis, IN MSA 15
Los Angeles-Riverside-San Bernardino CA CMSA 15.5
Louisville, KY-IN MSA 1.0
Memphis, TN-AR-MS MSA 1.1
Nashville, TN MSA 1.1
New York-Northern New Jersey-Long Island, NY-NJ-CT-PA CMSA 19.9
Philadelphia-Wilmington-Atlantic City, PA-NJ-DE-MD CMSA 6.0
Providence-Fall River-Warwick, RI-MA MSA 1.1
Richmond-Petersburg, VA MSA 0.9
St. Louis, MO-IL MSA 2.5
TOTAL POPULATION 71.5

a. The 1-hour ozone NAAQS does not currently apply, but we have proposed to re-instate it.

There are 14 additional metropolitan areas, with another 35 million people in 1996, for which
the available ozone modeling and other evidence is less clear regarding the need for additional
reductions. Table 2.2 lists the areas we put in this second category. Our own ozone modeling
predicted these 14 areas to need further reductions to avoid exceedences during the period when the
standards are effective.
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Table 2.2
Fourteen Metropolitan Areas With Some Risk of Exceeding the 1-Hour Ozone Standard in
2004 or Thereafter Without Additional Emission Reductions.

Metropolitan Area 1996 Eppulatlon
(millions)
Atlanta, GA MSA 3.5
Benton Harbor, Ml MSA 0.2
Biloxi-Gulfport-Pascagoula, MS MSA 0.3
Chicago-Gary-Kenosha, IL-IN-WI CMSA 8.6
Cincinnati-Hamilton, OH-KY-IN CMSA 1.9
Cleveland-Akron, OH CMSA 2.9
Detroit-Ann Arbor-Flint, M| CMSA 5.3
Grand Rapids-Muskegon-Holland, MI MSA 1.0
Greater Connecticut, CT-RI CMSA 2.4
Milwaukee-Racine, WI CMSA 1.6
New Orleans, LA MSA 0.3
Pensacola, FL MSA 0.4
Tampa, FL MSA 2.2
Washington, DC MSA 4.6
TOTAL POPULATION 35.3

a. The 1-hour ozone NAAQS does not currently apply, but we have proposed to re-instate it.

b. Forthe New London-Norwich portions of this area, the 1-hour 0.zone NAAQS does not currently apply, but we have
proposed to re-instate it.

c. Based on more recent air quality monitoring data not considered in the Tier 2 analysis, and on ten year emissions

projections, we expect to re-designate Cincinnati-Hamilton to attainment soon

For all of these areas, recent air quality monitoring data indicate that exceedances may occur
in 2007 or 2030. Eight areas have recent exceedances, but local ozone modeling and other evidence
indicates attainment in 2007.Based on this evidence, we have kept these areas separate from the
previous set of 21 areas. However, we still consider there to be some risk of future exceedances for
these eight areas.

For the other six of the 14 ardahie air quality monitoring data shows current attainment
but with less than a 10 percent margin below the NAAQS. This suggests that these areas may remain
without exceedances for some time, but that there is still a risk of future exceedance of the NAAQS
due, for example, to meteorological conditions that may be more severe in the future.

(c) Atlanta, Benton Harbor, Chicago, Cincinnati, Grand Rapids, Greater Connecticut, Milwaukee, and Washington,
DC. (The Cincinnati-Hamilton area did not have exceedances in the 1996-1998 period).

(d) Biloxi, Cleveland, Detroit, New Orleans, Pensacola, and Tampa.

10
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There is significant risk that at least some of these 35 areas will violate the NAAQS in 2004
or thereafter without additional reductions. We consider the situation in these areas to support our
belief that, overall, additional reductions are needed.

2. Today's Program Will Help Areas Meet Their Attainment and
Maintenance Requirements

The HD gasoline vehicle standards finalized today, and the HD diesel standards reviewed
today, will help all of the areas discussed above to either meet their attainment deadlines, to maintain
attainment in the future, or both. The new program will be very important to each of the areas with
deadlines in 2005 and later that will require (or may require) additional emission reductions (2005
is the year that new gasoline HD vehicles will begin to enter the fleet). As Table 2.3 shows, there
are 10 such areas with almost 66 million people. The following table lists these areas and their
expected attainment dates:
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Table 2.3
Areas with 2005, 2007, or 2010 Attainment Deadlines
Metropolitan Area Attainment Modeling Population
Deadline Predictions
Baltimore 2005 VOC Shortfall 2.6
Philadelphia 2005 NOx and VOC 6.0
Shortfall
Greater Connecticu 2007 (requested Contingent on New 2.4
(Hartford and other extension) York Attainment
MSAS)
New York City, NY- 2007 VOC and NOx 19.9
NJ-CT Shortfall
Houston, TX 2007 NOx Shortfall 4.3
Chicago, IL-IN 2007 Regional modeling {o 8.6

analyze existence of
shortfall is underway

Milwaukee, WI 2007 Regional modeling {o 1.6
analyze existence of
shortfall is underway

Dallas, TX 2007 (requested Local modeling 4.6
extension) shows nonattainment
in 2007
Beaumont-Port 2007 (requested Local modeling 0.4
Arthur, TX extension) shows nonattainment
in 2007
Los Angeles (South 2010 Approved SIP with 15.5
Coast Air Basin), CA commitments for
unspecified

additional controls

65.9

All of the areas in Table 2.3 with 2005 or later attainment deadlines will be able to take credit
in their attainment demonstrations (or in revisions to their demonstrations) for the expected
reductions for the preexisting standards for HD diesel engines and for today’s new standards for HD
gasoline engines and vehicles. (EPA has not approved deadline extensions for Dallas and
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Beaumont/Port Arthur at this time; if their requested extensions (to 2007) are approved, these areas,
too, could take credit for today’s program). The ability to take credit for the new HD gasoline
vehicle standards will be especially important for the several areas with emission “shortfalls” (i.e.,
those for which we have made our proposal to approve their attainment demonstrations contingent
on their adoption of new measures for further emission reductions).

In addition to helping 8 areas from Table 2.3 meet their attainment deadlines (plus Dallas and
Beaumont/Port Arthur if they receive a deadline extension to 2005 or later), the new program will
help these and all other areas with current or potential future ozone problems to maintain their
attainment into the future. This includes at least the 37 areas we expressed concern about earlier.
In effect, the emission reductions of this program will reduce the risk that these areas that today are
in or approaching attainment will fall back into nonattainment as they face economic development
and growth in vehicle travel.

3. The Program Will Help States Avoid More Costly Measures

In general, the task of states to reach and/or maintain attainment will be easier and the
economic impact on their industries and citizens will be lighter if, as a result of today’s new gasoline
HD vehicle standards, they are able to forego other, less cost effective programs. Following
implementation of the Regional Ozone Transport Rule, states will have already adopted emission
reduction requirements for nearly all large sources of VOC and NOx for which cost-effective control
technologies are known and for which they have authority to control. Those that remain in
nonattainment therefore will have to consider their remaining alternatives.

Thus, the emission reductions from the standards we are finalizing today will help states that
would otherwise need to seek controls for the first time from the sources that have not yet been
controlled -- mostly smaller sources including area sources that are closely related to the activities
of individuals and small businesses. The emission reductions from today’s standards will also help
states prevent or delay deeper reductions from large and small sources that have previously
implemented emission controls.

C. HD Diesel and Gasoline Engines Contribute to Total NOx and VOC
Emissions

HD engines and vehicles are major contributors to nationwide emissions of NOx and they
are moderate contributors to nationwide emissions of VOC (estimates of a geographic area’s
emissions are called “emission inventories”). Table 2.4 summarizes EPA’s current estimates for
national NOx and VOC contributions from major mobile source categories. (See Chapter 6 for more
information about how we developed these values.)
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Table 2.4
2000 National NOx and VOC Emissions, (thousand short tons per year)
Emission Source NOXx NOx| VOC VOC %
%
Light-Duty Vehicles 4,420 18% 4,098 25
Heavy-Duty Vehicles 3,759 15% 355 2P%
Nonroad Engines and Vehicles 5,393 22% 2,485 15%
Other (Stationary Point and Area Sourcep) 10,656 44% 9,567 58%
Total Nationwide Emissions 24,178 16,5P5

Table 2.4 indicates that HD gasoline and diesel vehicles currently represent about 15 percent
of national NOx emissions and two percent of national VOC emissions. Moreover, the local heavy-
duty vehicle NOx contributions are higher than the national average in many important urban areas.
Table 2.5 shows projections of local contributions to NOx from HD vehicles in 2007 in several
metropolitan areas with ozone concerns. In each of these cases, the local contributions of NOx are
greater than the projected national contribution -- in several cases, significantly higher.

Table 2.5
2007 Heavy-Duty Vehicle Contribution to Urban NOx Inventories
Metropolitan Statistical Area Contribution tp Contribution to
Total NOx Mobile Source
NOx
National 12% 23%
Atlanta 18% 28%
Dallas 17% 21%
Charlotte 15% 27%
Washington 15% 29%
Los Angeles 15% 19%
New York 14% 23%
Philadelphia 13% 23%
| Cleveland 13% 23%

Chapters 6 and 7 of this RIA also present updated emission inventory modeling for HD
vehicles in future years. The results show that without additional HD NOx control beyond the 1998
standards, national NOx emissions from HD vehicles would decline for the next few years but that
this trend would reverse around 2006. After that, without additional emission controls, NOx
emissions from the HD vehicle fleet would again increase as a result of future growth in the HD
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vehicle market. A similar trend is seen for national NMHC emissions from HD vehicles -- we
project that NMHC emissions will decrease untdward 2009, after which growth in numbers of
vehicles will offset emission reductions and NMHC emissions from HD vehicles will in¢rease.

lll. Particulate Matter
A. Current and Future Compliance with the PM  ,; NAAQS

Compliance with the current Plystandard continues to be a problem. This section reviews
our most recent analyses regarding,PdMr quality, discussed in detail in the Regulatory Impact
Analysis for the Tier 2/Gasoline Sulfur final rdlelhe most recent P)imonitoring data indicates
that 15 counties designated RMonattainment counties, with a population of 8.6 million in 1996,
violated the PN, NAAQS in the period 1996-1998. The areas that are violating do so because of
exceedances of the 24-hour BNNAAQS. No areas had monitored violations of the annual
standard in this period. Table 2.6 lists these 15 counties. The table also indicates the classification
for each area, the status of our review of the SIPs, and population for each area in 1996.

(e) The emission inventory modeling we performed for this rule includes the excess emissions that occurred as a
result of certain HD diesel engines manufactured between 1988 and 1998. These engines were at issue in the
“consent decrees” involving certain HD diesel engine manufacturers, as discussed in Section I.C. of the preamble
for this final rule.
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Table 2.6
PM,, Nonattainment Areas Violating the PM, NAAQS in 1996-1998
Area Classification SIP Approved? 1996
Population
(millions)
Clark Co., NV Serious No 0.93
El Paso, TX Moderate Yes 0.67
Gila, AZ Moderate No 0.05
Imperial Co., CA Moderate No 0.14
Inyo Co., CA Moderate No 0.02
Kern Co., CA Serious No 0.62
Mono Co., CA Moderate No 0.01
Kings Co., CA Serious No 0.11
Maricopa Co., AZ Serious No 2.61
Power Co., ID Moderate No 0.01
Riverside Co., CA Serious No 1.41
San Bernardino Co., CA Serious No 1.59
Santa Cruz Co., AZ Moderate No 0.04
Tulare Co., CA Serious No 0.35
Walla Walla Co., WA Moderate Yes 0.05
TOTAL POPULATION 8.61

Using a PM, modeling approach conducted for the Tier 2 rulemaking, we have concluded
that the 8 areas shown in Table 2.7 have a high riskiloigao attain and maintain the BM
NAAQS without further emission reductions. These areas have a population of nearly 8 million.
Included in the group are the counties that are part of the Los Angeles, Phoenix, and Las Vegas
metropolitan areas, where traffic from heavy-duty vehicles is substantial. These 8 areas would

clearly benefit from the reduction in emissions which would occur from the new standards for heavy-
duty vehicles.
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Table 2.7
Areas With High Risk of Failing To Attain and Maintain
the PM,, NAAQS Without Further Emission Reductions
Area 1996 Population
(millions)

Clark Co., NV 0.93
Imperial Co., CA 0.14
Kern Co., CA 0.62
Kings Co., CA 0.11
Maricopa Co., AZ 2.61
Riverside Co., CA 1.41
San Bernardino Co., CA 1.59
Tulare Co., CA 0.35
TOTAL POPULATION 7.76

Table 2.7 is limited to designated RMhonattainment areas which both had monitored
violations of the PN, NAAQS in 1996-1998 and are predicted to be in nonattainment in 2030 in our
PM,, air quality modeling. This gives us high confidence that these areas require further emission
reductions to attain and maintain, but does not fully consider the possibility that there are other areas
which are now meeting the BMNAAQS which have at least a significant probability of requiring
further reductions to continue to maintain it.

In our Tier 2 analysis, we created a second category of areas with a risk of failing to attain
the PM, NAAQS in the future that did not rise to the level of risk attributed to those areas listed in
Table 2.7. The Tier 2 air quality modeling predicted that even considering the emission reductions
from the Tier 2/Gasoline Sulfur program and other controls already in place, there would be
violations in 2030 of the annual average PMAAQS in five additional counties. We chose these
five counties because they registered, in either 1997 or 1998, single-year annual average monitored
PM,, levels of at least 90 percent of the NAAQS, but did not exceed the formal definition of the
NAAQS over the three-year period ending in 1998. Table 2.8 shows these areas. They have a
combined population of almost 17 million, and a broad geographic spread.
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Table 2.8
Five areas with a significant risk of failing to maintain
the PM,, NAAQS without further reductions in emissions

Area 1996 Population
(millions)
New York Co., NY 1.33
Cuyahoga Co., OH 1.39
Harris, Co., TX 3.10
San Diego Co., CA 2.67
Los Angeles Co., CA 8.11
TOTAL POPULATION 16.6

Unlike the situation for ozone, for which precursor emissions are generally declining over
the next 10 years or so before beginning to increase, we estimate that emissionsvafl Pise
steadily unless new controls are implemented. The small margin of attainment which these areas
currently enjoy will likely erode; the PM air quality modeling suggests that it will be reversed. We
therefore consider these areas to each individually have a significant risk of failing to maintain the
NAAQS without further emission reductions. There is a substantial risk that at least some of them
would fail to maintain attainment without further emission reductions. The emission reductions
from the new standards for heavy-duty vehicles will help to keep them in attainment.

B. HD Diesel and Gasoline Engines Contribute to Secondary Formation of
Particulate Matter

Because we are not changing the particulate matter emission standards for HD vehicles in
this rule, the effect of this rule on PM results primarily from reductions in NOx emissions and in turn
reductions in the secondary formation of nitrate particles in the atmosphere. Most available
modeling of PM emissions, however, focuses only on direct (primary) emissions of PM.

We have not attempted to quantify the contribution of HD vehicles to the secondary nitrate
particles formed from the large NOx emissions of these vehicles in this final rule. We are convinced
that this contribution is substantial, especially in regions of the country where ammonia levels in the
air are relatively high (NOx reacts with ammonia to form ammonium nitrate particles). Similarly,
we believe that the very significant NOx reductions from HD diesel and gasoline vehicles that will
result from the 2004 standards will also result in important reductions in the HD contribution to
nitrate PM.

I\VV. Air Toxics from HD Engines and Vehicles

In addition to contributing to the health and welfare problems associated with exceedances
of the National Ambient Air Quality Standards for ozone and P&missions from HD diesel and
gasoline vehicles include a number of air pollutants that increase the risk of cancer or have other
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negative health effects. These air pollutants include benzene, formaldehyde, acetaldehyde,
1,3-butadiene, and diesel particulate matter. For several of these pollutants, motor vehicle emissions
are believed to account for a significant proportion of total nation-wide emissions. All of these
compounds are products of combustion; benzene is also found in non-exhaust emissions from
gasoline-fueled vehicles. The reductions in hydrocarbon emissions from HD vehicles resulting from
today’s program will further reduce the potential cancer risk and other health risks from these air
toxics (other than diesel PM) because many of these pollutants are themselves VOCs.

Diesel engine particulate matter is also a potential concern because of its possible
carcinogenic and mutagenic effects on people. However, because today’s program does not include
more stringent standards for emissions of diesel PM, this action will not make a large difference in
any health effects from direct diesel PM.

We are addressing the issues raised by air toxics from motor vehicles and their fuels in a
separate rulemaking that we recently proposed and was signed by the Administrator on July 14, 2000
under section 202(1)(2) of the Act. That rulemaking process will address the emissions of hazardous
air pollutants from motor vehicles and fuels, and the appropriate level of control of hazardous air
pollutants from these sources.
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CHAPTER 3: TECHNOLOGICAL FEASIBILITY OF HD
DIESEL AND OTTO-CYCLE STANDARDS

|. Overview

This chapter provides a technical discussion on emission related control technologies for
lower emissions from HD diesel and otto-cycle engines and vehicles. The chapter is divided into
two sub-chapters, the first dedicated to diesel controls, the second to otto-cycle controls. In addition,
the final section discusses on-board diagnostics for HD, both diesel and otto-cycle.

II. Diesel Engine Technologies
A. HD Diesel Technology Overview

This sub-chapter presents an assessment of emission control strategies that EPA expects will
be available for diesel engine manufacturers to use to meet the emission standards contained in this
final rule. In addition, we present a review of the technologies examined which provided the basis
on which we reviewed the HD 2004 NMHC+NOx standards which were established in 1997. To
meet the 1998 emissions standards for heavy-duty diesel engines, manufacturers have implemented
high-pressure fuel injection systems with retarded injection strategies, waste-gated turbo-chargers,
air-to-air after-coolers, advanced combustion chamber designs, and electronic controls. EPA expects
that incremental improvements will occur with respect to these strategies, but EPA does not expect
that improvements in these strategies alone will achieve the levels required by the new standards.
To meet these levels, EPA expects that, in addition to the aforementioned strategies, manufacturers
will utilize exhaust gas re-circulation (EGR), fuel injection rate shaping, and possibly exhaust after-
treatment. Itis important to note that each of these technologies should be able to achieve emission
reductions over a broad range of in-use operating conditions. Of these, EGR is expected to achieve
most of the necessary reductions. As is discussed in more detail below, EGR has been shown to
reduce NOx emissions by up to 90 percent under laboratory conditions. Because these future
emission control strategies will rely on electronic controls for adequate performance, EPA expects
that the best available on-board diagnostics will be implemented to ensure that these strategies
remain effective in-use. Furthermore, although changes in diesel fuel composition might be required
to enable certain emerging aftertreatment technologies, no change in diesel fuel composition will
be required to meet the new standards. In addition, the current status of technologies which EPA
does not believe will be necessary for the requirements contained in this final rule, but which could
provide additional emission reductions beyond the final rule requirements are discussed (these
technologies include NOx absorber catalysts, urea-based SCR systems, and PM traps).

This sub-chapter is divided into five sections: EGR, fuel injection rate shaping, exhaust after-
treatment, fuel composition, and new test cycles. Several sections also discuss strategy-enabling
technologies such as variable geometry turbo-chargers (VGT) for driving EGR, or common rail fuel
systems for performing fuel injection rate shaping.
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The RIA for the 1997 HD rulemaking contains additional information regarding the
effectiveness of several of the technologies discussed here, primarily cooled EGR systems. The
conclusions in the 1997 rulemaking regarding the effectiveness of cooled EGR for the reduction of
NOx emissions from HD diesel engines continue to be relevant, but the analysis which led EPA to
the conclusion that cooled EGR would be the principle technology for meeting the standards will not
be repeated here. The reader should refer to Chapter 4 of the 1997 RIA for additional discussion of
EGR systems beyond what is covered in this RIA. In addition, a discussion of the potential
incremental improvements from control strategies already being used to meet the 1998 standards can
be found in the RIA of the 1997 final rule.

B. Exhaust Gas Re-circulation (EGR)

EGR is the re-circulation of exhaust gas from a point in an engine’s exhaust system to a point
in its intake system. EGR is used to decrease nitric oxide (NO) emissions, the primary species in
diesel oxides of nitrogen (NOx). EGR dilutes intake air with combustion products, namely carbon
dioxide (CQ) and water vapor. These diluents decrease the adiabatic stoichiometric flame
temperature for a given mass of fuel and oxygen burnethis decrease in temperature
exponentially decreases the oxidation rate of dissociated nitrogen (N) to nitric oxidé EGR.
also decreases the overall mole fraction of oxygen, which proportionally decreases the oxidation rate
of N to NO2 Finally, the specific heats of G@above 532K) and water vapor are greater than that
of air; therefore they absorb more heat per increase in temperature than air, thus lowering the peak
temperature for a given release of heat. This last effect on NO formation, however, is small
compared to the first twb.

EGR is very effective at decreasing NOx. Laboratory studies have shown that EGR can
reduce NOx emissions by up to 90 percent at light load and up to 60 percent at full load near rated
speed. These studies and others have shown similar reductions at other speeds ahd loads.
However, because EGR decreases the overall rate of combustion in the cylinder, EGR tends to
increase particulate matter (PM) emissions and brake specific fuel consumption (BSFC).
Furthermore, if EGR is not cooled before it is introduced to the intake system, it will reduce the
density of the intake charge, and thus decrease the volumetric efficiency of the engine, which will
decrease maximum power and increase BSFC. Hot EGR also offsets EGR’s beneficial effect on
combustion temperature because hot EGR increases the initial temperature of the air charge. Finally,
EGR without additional boost air decreases the excess air ratio. This can result in incomplete
combustion during some modes of operation and an increase in PM emissions. Through proper EGR
system design, however, researchers have demonstrated that these undesirable effects of EGR can
be minimized so that the 2004 emission standards can e met.

From a design perspective, there have been several challenges to EGR’s feasibility, all of
which have been addressed. First, a sufficient positive pressure difference must exist between the
point in the exhaust system where the exhaust gas is extracted and the point in the intake system
where itis introduced. Second, under most conditions, EGR should be cooled for best performance,
which raises corrosion, fouling and design issues. Third, the rate of EGR must be controlled
accurately, and the control system must respond quickly to changes in engine operation.
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The positive pressure difference required to drive EGR may be achieved a number of ways.
Extracting the exhaust gas downstream of the exhaust turbine and introducing it to the inlet of the
intake compressor is called Low-Pressure-Loop (LPL) EGR. LPL EGR possesses the advantage of
having a sufficient pressure differential to drive EGR over a wide engine operating range, but LPL
EGR may cause durability problems with the intake compressor and after*c8old¢owever,
through confidential discussions with engine manufacturers, EPA has learned that some
manufacturers may have overcome these durability issues at least for light and medium heavy-duty
engine applications.

Another way of performing EGR is by extracting the exhaust gas from the exhaust manifold
and routing it to the intake manifold. This minimizes the durability issues associated with the LPL
method by introducing the EGR after the compressor and after-cooler. This is called High-Pressure-
Loop (HPL) EGR. HPL EGR short-circuits the compressor and after-cooler, but the required
pressure differential is difficult to achieve at high load, and particularly in heavy-duty engine
applications! To improve the pressure differential to enable HPL EGR, researchers have
investigated enabling technologies such as exhaust back-pressure valves, variable geometry turbo-
chargers (VGTSs), and full-flow and bypass intake venturis. In three different studies investigators
positioned exhaust back-pressure valves downstream of the exhaust turbine to drive HPL EGR.
Researchers reported significant NOx reductions, but the turbo-chargers extracted less energy in
these configurations, and the re-circulated exhaust displaced fresh air without any increase in charge
air pressuré? Unacceptable increases in PM and BSFC resulted due to decreased excess air
ratios>141°

Two recent studies concluded that turbo-charger nozzle geometry must vary in order to drive
EGR without unacceptable decreases in excess air afiband a third study investigated the
application of a by-pass venturi to draw exhaust gas into the intake s§stewariable geometry
turbocharger (VGT) is a turbocharger that has adjustable turbine inlet nozzle vanes. Closing these
vanes decreases the nozzle area, whereby exhaust back pressure is increased to drive EGR, while
simultaneously, the turbine and compressor work are increased, as well as the compressor pressure
ratio. VGTs have been demonstrated to drive EGR without significantly decreasing excess air ratios.
In fact, under some operating conditions researchers achieved simultaneous decreases in NOx, PM
and BSFC by driving HPL EGR with a VGY.0One study combined a VGT with a full-flow EGR
venturi that was positioned within the intake system just upstream of the intake manifold. On a 12
liter 315 kW heavy-duty diesel, the venturi increased EGR suction pressure by up to 20 kPa with an
intake pressure recovery of 60% downstream of the veéfit@@cause the venturi restricted airflow,
it caused decreased excess air ratios which resulted in increased PM and BSFC. However, the
venturi can significantly extend the range of EGR flow, and it might improve the durability of a VGT
by allowing the VGT to operate at lower back pressures and temperatdmesther variation of
the venturi concept that does not employ a VGT is the bypass venturi. In this system EGR is
introduced into a venturi positioned in an intake duct that flows parallel to another intake duct in
which there is a controllable butterfly valve. By closing the butterfly valve in the one duct, more
intake flow is forced through the venturi’s duct, which causes more EGR to be drawn into the intake
flow.? Results from this configuration indicated that about 30% reductions in NOx were achievable
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with no significant increase in BSFC or PM over a wide range of operating conditions. Further
decreases in NOx were achievable with some increase in PM and only a slight increasedh BSFC.

Another important enabling technology for EGR is effective and durable EGR coolers. As
mentioned previously, cooled EGR is desirable under most operating conditions to maximize
volumetric efficiency and to lower intake charge temperatures. Studies have indicated that the issues
concerning EGR coolers - namely, corrosion, fouling, and compact design - have been resolved.

Corrosion is an issue because current on-highway diesel fuel contains up to 0.04% fuel sulfur
(S) by weight, which forms corrosive sulfuric acid,§@,) in diesel exhaust. During combustion
S is oxidized 97-99%to sulfur dioxide (S§) and trace amounts of sulfate ($OSQ, also forms
in the exhaust manifold as equilibrium thermodynamics begin to favor its formation below ~730 C.
Reaction kinetics limit SOs formation rate, howevér. In diesel exhaust S@nmediately reacts
with water vapor to form aqueous sulfuric acid (~73%®, by wt.)?® and this acid begins to
condense from about 80 to 145*C*® depending upon engine operating conditions. Although the
acid’s concentration is strong, the acid at this point only accounts for ~0.5% of the fuel sulfur.
However, once the exhaust cools below the water vapor dew point (~30 to 80,C)yvHs¢h
accounts for nearly all of the fuel sulfur, will begin to react significantly with condensed water to
form H,SO,.* For this reason, EPA expects that EGR coolers will utilize engine coolant, which is
thermostatically controlled typically between 80-90 C. This will help to prevent EGR cooling below
the exhaust’s water vapor dew point. Because ~0.5% of the <0.04% S in the fuel may condense as
strong sulfuric acid and because addition&®, may form during cold engine operating conditions
(start-up, idle, cool-down, winter conditions), stainless steels with special corrosion resistance to
sulfuric acid have been selected to resolve the corrosion®fsSue.

EGR cooler fouling can be minimized if the cross-sectional area of the exhaust channel can
be designed sufficiently large. This is generally problematic because this design leads to a large
EGR cooler. However, one heat exchanger manufacturer has implemented a heat exchanger channel
design that simultaneously minimizes fouling while increasing heat transfer, thereby reducing the
EGR cooler size. The design implements winglets that are vortex-generators arranged in pairs in the
gas channel. They are opened in a V-shaped configuration in the direction Gffftoage winglets
increase turbulence, which increases heat transfer by reducing the thermal boundary layer in the
channel. They also decrease fouling by forcing particles and vapors back toward the center of the
tube. This stable, turbulent action counters thermophoretic deposition, condensation, and diffusion
due to a concentration gradiéhtExperimental results indicate that cooler fouling stabilized after
100 hrs, and that in the end, fouling decreased cooler efficiency by only 15%.

Controlling EGR flow rate is a crucial aspect for successful EGR system design. EPA
expects manufacturers to make full use of an engine’s electronic control system to measure
parameters that should be used to control EGR rate. Many of these parameters, such as engine
speed, fuel rate, manifold pressures, temperatures and flow rates, are already being measured. EPA
expects individual manufacturers to match their control parameters to their unique EGR systems.
Sufficient control for transient response may be achieved by a number of methods. As mentioned
above, some researchers have demonstrated the use of VGTs and bypass venturis with continuously
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variable valves in the intake system to achieve EGR control. For transient response, however, quick
and temporary EGR shut-off seems to be the best method for maintaining adequate torque response
without a sharp increase in transient PM emissioRar this reason EPA expects that EGR systems

will have valves positioned in the EGR loop to achieve fast response for transient engine
operation>%®3*" Durable EGR valves have been demonstrated by various manufatu@ms.

valve manufacturer indicated that their EGR valve design will incorporate a fast acting (<50 ms)
electrically actuated rotary solenoid, which operates an airfoil-shaped valve plate. The manufacturer
expects to have the valve in production within the 2002 time fr&me.

Because researchers and manufacturers have demonstrated that EGR strategy can result in
significant NOx reductions without unacceptable effects on PM emissions, BSFC, or performance,
and because manufacturers have demonstrated enabling technologies such as VGTSs, venturis, EGR
coolers, and control valves for complete EGR system implementation, EPA expects EGR to be a
primary strategy for achieving the emission standards in this rule.

C. Fuel Injection Rate-shaping

Another key emission control strategy that EPA expects heavy-duty diesel engine
manufacturers to use to meet the new emission standards is fuel injection rate shaping. Fuel
injection rate shaping refers to precisely controlling the rate of fuel injected into the cylinder on a
crank-angle by crank-angle resolution. Specific rate-shaping methods include pilot injection where
a pilot quantity of fuel, typically less than 2% of the total fuel ch&rieinjected at some crank
angle before the main injection event. Split fuel injection refers to splitting, more or less evenly, the
main injection into two or more separate injections. Other methods include ramping the main
injection event so that it resembles a triangular profile, rather than a square-shaped profile. Effective
injection rate-shaping systems modulate the fuel injection timing, pressure, rate, and duration
independent of engine speed and load. This characteristic of the fuel system implies that it is
mechanically de-coupled from the engine. Timing is then achieved, presumably, by electronic
control.

Injection rate shaping has been shown to simultaneously reduce NOXx by 20 percent and PM
by 50 percent under some conditiéhst has also been shown to reduce BSFC by up to 10 percent
without increasing NOx emissiof’sHowever, it can also lead to increases in smoke emissions and
may not be as effective on low-NOx engines equipped with EGR.

Fuel injection rate shaping is used to control the rate of combustion within the cylinder. By
controlling the combustion rate, the rate of pressure and temperature rise is controlled. Therefore,
rate shaping controls NOx formation by one of the same mechanisms as EGR; it is used to lower
peak combustion temperatures. Rate shaping can affect the time and temperature at which
combustion ends, therefore, it can also lower PM emissions by enhancing the mechanisms of
in-cylinder soot oxidatiof®

Several manufacturers and fuel system suppliers have demonstrated fuel injection systems
that can achieve effective rate shaping. The three most common systems are the common rail; the
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mechanically actuated electronically controlled unit injector (MEUI); and the hydraulically actuated,
electronically controlled unit injector (HEUI). The common rail system consists of a high-pressure
(~25,000 psi.) fuel pump that pressurizes a pressure-regulated fuel header, or rail, that is connected
to each fuel injector. The fuel injectors are actuated by individual electronically controlled
solenoids"*** A variation of the common rail system eliminates the individual solenoids by utilizing

a distributor sub-systefi?” The MEUI system has low-pressure fuel (~ 60 fisiglivered to its
injectors. The MEUI injectors pressurize the fuel when an overhead cam actuates them. By passing
the pressurized fuel via an electronically controlled spill-valve controls the injectici rahe

HEUI system is similar except that a high-pressure hydraulic/accumulator system is used to
pressurize the fuel. One advantage of the HEUI system over the MEUI is that it is not limited in
injection timing, pressure or rate by a cam lobe profile. However, a HEUI system tends to have
lower peak injection pressures versus a MEUI; 25,000 psi vs. 30,080Qukier rate shaping
systems may utilize spool valve acceleration and fuel-hammering in the injection line, fuel tube
geometry, or dual springs at the injector needle to perform rate sRaging.

Several studies have suggested rate-shaping methods to achieve emissions benefits.
Researchers have reported decreased NOx and PM emissions at intermediate speeds and loads by
optimizing reduced-rate pilot injection with a high-pressure main injettidr;,and one report
suggested a fuel injection strategy at high loads. At intermediate loads, burnt pilot fuel is used as
a torch to decrease ignition delay of the main injection event. This lowers peak flame temperatures
and, thus, NOx formation. At high loads the ignition delay is not as significant, but a very early pilot
event (>20 before top-dead center) can be used to distribute low-temperature burnt gas in the
cylinder, similar to EGR. This method can be optimized to decrease NOx, PM, and BSFC
simultaneously® Other reports have suggested ramped main injection at high loads and high speeds
to decrease NOx, square main injection at peak torque to decrease PM, and split injection at idle to
decrease volatile PM (i.e. white smoRe).

EPA expects manufacturers to utilize fuel injection rate shaping in combination with EGR
and 1998 engine technologies to meet the new emission standards. EPA believes that the fuel
injection rate shaping strategy is technologically feasible because fuel injection rate shaping is used
to a limited extent today to meet 1998 emissions standards and has been shown in testing to be
reliable and effective?

D. Exhaust After-treatment

As described in the introduction section, engine manufacturers have been very successful in
developing a mix of technologies to lower PM and NOx concurrently while continuing to improve
fuel economy and engine durability. Although EPA is not finalizing a reduction in the highway
heavy-duty engine PM standard beyond the level of 0.10 g/bhp-hr (0.05 g/bhp-hr for urban buses),
PM control will continue to be very important. PM will remain a primary consideration along with
fuel economy and engine durability in the development of engines with lower NOx emissions. As
discussed above, HC emissions control has not been a primary focus for diesel engines due to their
relatively low HC emissions levels. With a NOx plus NMHC standard, HC emissions levels would
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become a greater consideration in the packaging of technologies to meet overall emission targets.

Exhaust aftertreatment technologies for PM and NOx control are discussed in this section.
An extensive description of aftertreatment technologies was presented in the 1997 rulemaking
package for the 2004 standards, including the final Regulatory Impact Analysis document. The
reader is directed to the final RIA from the 1997 rulemaking for a discussion of aftertreatment
technologies as of the 1997 time frame. The following discussion will include information which
has become available since the 1997 rulemaking, and will not repeat what was in that final RIA.

1. Particulate Matter Control

Two aftertreatment technologies have received the most attention for particulate control, the
flow-through oxidation catalyst and the particulate trap. The oxidation catalyst provides relatively
moderate overall PM reductions by oxidizing a portion of the particulate as the exhaust passes
through it. Oxidation catalysts are relatively inexpensive and are now being used by engine
manufacturers on some engines to meet the current 0.10 g/bhp-hr PM standard (0.05 for urban
buses).

Particulate traps capture a very high percentage of the particulate and hold it until the PM can
be removed. Removing the PM from the trap, termed trap regeneration, is accomplished by
oxidizing (i.e., burning) the PM. Because diesel exhaust almost never reaches the high temperatures
needed to ignite the PM, oxidation requires either an external heat source or a catalyst material to
lower the oxidation temperature of the PM. Particulate traps have not gained wide acceptance and
use due to several concerns that have not yet been overcome, including high cost, system complexity,
fuel economy penalty, and trap durability. Also, engine manufacturers have not needed the very high
level of PM control provided by traps to meet current standards. However, research on traps has
been on-going, and some recent iterations look promising.

(a) Diesel Oxidation Catalysts

As mentioned above, engine manufacturers have started to use diesel oxidation catalysts
(DOC) in cases where engines have needed help meeting the particulate standards. For the 1994
model year, about 30 percent of engine families certified were equipped with oxidation catalysts
(with the exception of urban buses, all of these were either light or medium HDDE’s). Another 30
percent of the engine families were certified to PM levels above the 0.10 g/bhp-hr standard through
the averaging, banking and trading program. As these families are redesigned or retired, the
percentage of engine families equipped with oxidation catalysts may change. Recent sales data on
oxidation catalyst for HD from the Manufacturers of Emission Control Association shows a
continual decrease in the number of DOC'’s being sold in the U.S. (See Figure 3-1 below).
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Figure 3-1 - U.S. Sales Figures for HD Oxidation Catalysts
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Flow-through oxidation catalysts oxidize both gaseous hydrocarbons and the portion of PM
known as the soluble organic fraction (SOF). The SOF consists of hydrocarbons adsorbed to the
carbonaceous solid particles and may also include hydrocarbons that have condensed into droplets
of liquid.>*® The carbon portion of the PM remains essentially unaffected by the catalyst. In recent
years, SOF has been reduced through new piston ring designs for oil control and fuel injection and
combustion chamber modifications for more complete combustion of the fuel. The amount of SOF
varies widely among engines but SOF often makes up 30 to 60 percent of the total mass of PM.
Catalyst efficiency for SOF varies with exhaust temperature in the range of about 50 percent
conversion at 15TC to more than 90 percent above 356° Typically, exhaust temperatures during
the HD-FTP fluctuate between 18D and 400C. The reduction in total particulate mass provided
by catalysts is relatively modest both because the efficiency is low at low exhaust temperatures and
because catalysts oxidize only the SOF and not the carbon portion of the PM.

Improvements in catalyst technology have been hindered to some degree by sulfur contained
in diesel fuel. Especially at higher exhaust temperatures, catalysts oxidize sulfur dioxide to form
sulfates, which contribute to total PM emissions. Catalyst manufacturers have been successful at
developing catalyst formulations that minimize sulfate formafi@atalyst manufacturers have also
compromised in the placement of the catalyst such that the exhaust is warm enough to achieve the
needed SOF reduction but not so warm as to cause substantial sulfate fotnstaoufacturers
have noted that fuel with sulfur concentrations lower than 0.05 weight percent would permit the use
of more active, higher efficiency oxidation catalysts. Recent published reports show that for modern
HD diesel engines, palladium based oxidation catalysts can achieve an approximate 30% reduction
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in PM under steady-state (European 13-mode) operation using current U.S. diesel fuel, and these
formulations show good durabilify.

A recent test program sponsored by the Manufacturers of Emission Controls (MECA),
included the testing of several oxidation catalysts on a modern HD diesel engine certified to the 1998
U.S. HD standards. The results of this report showed up to a 29% reduction in PM over the transient
FTP, and PM reductions ranging between 0 and 67% on a series of 13 steady-state modes, with one
high load mode showing a slight (15%) increase in PM due to sulfate formation, these results were
all using a typical D2 diesel fuel used in the U.S. today (sulfur content approx. 380pjphi}
project also reported an additional 13 percent reduction in PM from the use of low sulfur diesel fuel

(54ppm).

Oxidation catalyst development and use is likely to continue. Future improvements in
oxidation catalysts will likely provide marginal improvements in overall PM reductions and such
refinements may prove to be valuable to engine manufacturers.

(b) Particulate Trap

The promise of particulate reductions of greater than 90 percent and the 1994 and later PM
standard of 0.10 g/bhp-hr prompted the development of particulate trap technology in the late 1980s.
Particulate trap filters that capture a high percentage of the PM in the exhaust stream were
developed. These initial particulate trap filters needed to be regenerated (cleaned) after a period of
time because the filters eventually began to fill up, creating unacceptable back pressure on the
engine. Engine manufacturers have been able to meet the 1994 particulate standards with engine
modifications and using oxidation catalysts where necessary and no trap-equipped engines were
certified for the 1994 model year.

Several companies and universities are developing a new generation of trap technologies
which have the potential to be simpler, more reliable, and less expensive than previous systems. The
majority of research and development is focused on devising new methods for trap regeneration. A
number of active and passive trap regeneration methods are in various stages of development and
testing. The 1997 RIA discusses both active and passive trap regeneration, however, the most
promising areas of improvement since that time have been in the area of passive systems, and only
those systems will be discussed here.

Many regeneration techniques being researched involve using catalyst materials that lower
the PM oxidation temperature to the range normally experienced in diesel exhaust. The addition of
a catalyst often provides HC reductions as well. Such systems are often called passive regeneration
systems because they do not require some action to take place for regeneration at regular intervals,
such as heating the PM or blowing the PM out of the trap. Instead, regeneration occurs somewhat
continuously depending on the exhaust gas temperature. Catalysts both in the form of coatings and
fuel additives are being developed. Johnson-Matthey has developed a system that places a catalyst
at the inlet facing of the trap filter such that the exhaust flows though the catalyst before entering the
filter. The catalyst will oxidize sulfur and Johnson-Matthey is requiring the use of fuel with a sulfur
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level much lower than EPA specifications. One recent study utilizing this type of trap reported large
reductions in both mass based PM and HC on a modern, direct injection, turbo-charged, intercooled,
6.8 liter HD engine, but the system requires ultra-low sulfur fuel, less than 9ppm.

As discussed in the 1997 RIA, several companies have explored the use of fuel additives
which assist in the regeneration process by lowering the PM ignition temperature. For example, fuel
additives including a cerium-oxide additive has been developed by Rhodia Chimie (formerly Rhone-
Poulenc) and a copper-oxide additive has been developed by Lubrizol Corporation.

A recent test program sponsored by the Manufacturers of Emission Controls Association
(MECA), included the testing of two PM filter technologies tested in a laboratory on a modern HD
diesel engine certified to the 1998 U.S. HD stand&rd3ne filter employed a catalytic coating
applied directly to the filter element (system A), the second filter technology utilizes a catalyst
element placed directly upstream of the filter element (system B). System A was tested on D-2
diesel fuel with current sulfur levels (368ppm), while System B requires low sulfur fuel, and was
tested with a low sulfur (54ppm) diesel fuel. System A was tested over the transient U.S. FTP,
System B was tested on both the U.S. FTP, as well as a series of 13 steady-state modes. Table 3-1
contains a summary of the FTP results.

Table 3-1
PM trap testing results from MECA test program, U.S. HD FTP test cycle

Results w/ trap system
Engine Baseline (g/bhp-hr) installed (g/bhp-hr)
System A - tested w/ fuel
sulfur level = 368ppm 0.073 0.022
System B - tested w/ fuel
sulfur level = 54ppm ~0.06 0.008

Emission results on the 13-steady-state test cycle from the low sulfur fuel with System B
showed reductions ranging between approximately 20 and 70 percent, with the exception of one high
power mode, where PM increased approximately 30 percent. These emission results indicate that
PM traps applied to a 1998 technology HD diesel engine can provide large reductions in PM with
current fuel sulfur levels, and even lower PM levels may be achievable with the use of low sulfur
fuel. Durability information was not collected in this test program.

Catalyst materials bring down the temperatures needed for PM oxidation, but still may be
challenged to reach the very low exhaust temperatures of diesel engines, which have been further
reduced by the use of air-to-air aftercooling. For systems using catalysts, it will be necessary to
optimize the system for the specific engine application under real world operating conditions. If the
temperature remains lower than the PM ignition temperature for long periods of time, say during idle
and low load conditions, the PM will continue to accumulate in the trap. When ignition temperature
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is reached, there may be too much PM in the trap, causing overheating and trap filter damage. It may
be necessary to have a back-up active regeneration system in some cases, but these back-up systems
would likely be expensive.

Filter development is also focused on reducing the amount of exhaust back pressure and
associated fuel economy loss caused by the trap. Additionally, there are problems with ash in the
exhaust stream, which the trap captures along with the particulate matter. The ash does not oxidize
during trap regeneration and over time builds up within the trap; eventually, the filter must be
cleaned or replaced. If traps begin to play a larger role as an emission control technology,
improvements to engine oil (e.g. use of ashless oils) may increase the amount of time a trap can
perform before ash build-up becomes a maintenance issue.

In the long term, traps may be among the mix of technologies considered by engine
manufacturers in meeting future standards, if a durable system with consistent regeneration and a
reasonable cost becomes available. Issues such as regeneration, ash acoumnthsulfur
tolerance have yet to be resolved by the 2004 time frame.

2. Oxides of Nitrogen Control

The 1997 RIA contains a description of the major developments in NOx control
aftertreatment devices which have been investigated in recent years, including lean-NOx high
temperature and low temperature catalysts, NOx absorber catalysts, and urea-based SCR systems.
Additional development work has occurred in all of these areas since the finalization of the 1997
rulemaking. The discussion below will not repeat what was contained in the final RIA for the 1997
rule, however, much of that information continues to be relevant and the reader should refer to the
final RIA for the 1997 rule for additional information.

In general, the issues associated with lean NOXx catalysts, NOx absorber catalysts, and urea-
based SCR systems are similar today as they were in 1997. These three systems continue to be the
focus of intensive research because of the benefits they may someday offer. The technical
difficulties discussed in 1997 continue to exist, though some progress has been made.

Lean NOx catalysts continue to offer limited NOx reduction capability when considered
across the entire temperature operating range encountered by HD diesel engines, while peak
reduction capabilities may approach 60 percent under limited operating range, overall reductions on
the U.S. HD FTP continue to be modest, between 20 and 30 percent. Lean NOx absorber catalysts
have shown a potential for much higher levels of NOx reduction, perhaps as high as 80 or 90 percent.
However, at today’s on-highway diesel fuel sulfur levels, catalysts activity can be severely impacted
in a matter of hours. Urea-based SCR systems have shown the potential for high levels of NOx
reduction from diesel engines, however, the technical issues such as urea refueling, tampering, and
ammonium slip remain to be solved. Finally, if the above issues can be solved for these
aftertreatment technologies, issues such as in-use durability, fuel economy impact, cost, and and
cost-effectiveness will also need to be examined.
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The discussion below on each of these technologies discusses in more detail some of the
promise offered by NOx aftertreatment.

(&) NOx Storage Catalysts

NOx storage catalysts (also referred to as NOx absorber catalysts) are probably the best
example of a diesel emissions control capable of large reductions (>25%) reductions in NOx
emissions, but only if diesel fuel sulfur levels are considerably reduced. A generalized schematic
of their operation is included in Figure 3-2. This catalyst system employs a high-platinum (Pt)
content catalyst for oxidation of nitric oxide (NO) to nitrogen dioxide JNOThe NQ is then
stored, using one of a number of barium compounds, as barium nitrate. For approximately two-
second durations every two minutes, diesel fuel is either sprayed into the exhaust, or fuel is injected
into the cylinder after combustion to provide the necessary hydrocarbons to remove the NOx from
the storage components. The NOx is then reduced over a standard three-way catalytic converter.
The average NOXx reduction potential for this technology over the light-duty Federal Test Procedure
(FTP) is 50 to 75%, with a fuel consumption penalty of approximately 3 t& 5Fgure 3-3
compares the NOx reducing capabilities of a NOx storage catalyst system to two other lean-NOXx
catalyst systems (one of which is sulfur tolerant).

Unfortunately, the chemistry for sulfate storage in such systems is similar to the desired
nitrate storage. Sulfur dioxide from combustion of fuel sulfur compounds is oxidized by 8@
platinum catalyst, and stored as barium sulfate. Purging sulfate from the storage components
requires significantly longer periods of fuel-rich conditions and significantly higher temperatures
(600 to 700°C). The extended periods of high exhaust temperatures necessary for sulfate purging
from the storage components of the catalyst would be difficult to achieve, even for many heavy duty
diesel applications. Extended high temperature operation would also have a detrimental impact on
the useful life of the NOx storage components of the system. Creation of the necessary fuel-rich
environment would pose a significant fuel consumption penalty, and would increase PM and
hydrocarbon emissions levels.

(f) Inthe absence of an oxidation catalyst, total oxides of nitrogen (NOX) in diesel exhaust is primarily NO
(typically >80%) with lesser amounts of MO
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Figure 3-3
NOXx-storage catalyst operation under oxidizing and reducing conditions.
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Without sulfate purging, fuel sulfur levels of 350 ppm result in near complete deactivation
of NOx storage within 20 hours of operation. NOXx storage catalysts are clearly not a viable NOx
exhaust aftertreatment control at current diesel fuel sulfur levels. Diesel engines employing NOx
storage catalyst systems will probably be limited to the use of diesel fuels with less than 30 to 50
ppm sulfuf®. Even at such fairly low sulfur levels, additional development of catalyst components
that reduce sulfur poisoning of the NOx storage components and less frequent, lower temperature
sulfate purging cycles may still be needed.

(b) Lean-NOx Catalysts

Various types of active (requiring a post-combustion fuel injection event) and passive (no
post-injection) lean-NOx catalysts are in production or are under investigation for reduction of NOx
emissions in lean exhaust environments such as those present in diesel exhaust. Lean-NOx catalysts
typically reduce NOx efficiently over a fairly narrow range of catalyst temperatures. There are both
“high” and “low” temperature varieties of lean-NOXx catalysts. Low temperature, platinum-based
lean-NOx catalysts using zeolites for support, catalyst promotion, and adsorption of NOx and HC,
would be typical of a lean-NOx catalyst technology for light-duty diesel vehicles with catalyst
temperatures primarily in the 200 to 30C range. High-temperature lean-NOx catalyst
formulations are under investigation primarily for highly-loaded, heavy-duty diesel engine
applications. High-temperature lean-NOx catalysts are primarily base metal catalysts that are only
effective at exhaust temperatures exceeding°800
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A number of new common rail fuel injection systems are capable of injecting fuel after
combustion to provide additional hydrocarbons for use as a NOx reductant with active lean-NOXx
catalysts. One example is the introduction of an active lean-NOx catalyst system for a European
light-duty diesel applicatidf Although active Pt-zeolite catalyst systems have higher NOx removal
efficiencies than similar passive catalyst systems, NOx removal efficiencies are still only in the range
of 15 to 35 % on average, and significantly below that of NOx storage catalyst systems (Figure 3-3).
It is more likely that low-temperature systems like the Pt-zeolite lean-NOx catalyst systems will be
used for incremental NOx reduction for light-duty applications in combination with other
technologies, such as cooled EGR.

An approximately 25% reduction in catalyst NOx efficiency due to adsorption of sulfur
compounds has been reported after 40,000 miles of roadway aging in a light-duty application at a
nominal 500 ppm fuel sulfur linft  Sulfate PM emissions (primarily sulfuric acid), rather than
sulfur poisoning, will probably be a more pressing issue with respect to fuel sulfur ontent
Conversion efficiencies for fuel sulfur to sulfuric acid of up to 20% are possible with Pt-zeolite lean-
NOx catalyst§.

High-temperature base metal catalysts reduce NOx emissions by up to 30 % over the heavy-
duty FTP cycle. One such catalyst is the Cu ZSM5 cafaly8imilar to low temperature systems,
they may be used for incremental NOx reduction in combination with cooled EGR for heavy-duty
diesel engine applications, however, in-use durability issues remain. It is not clear whether or not
long term exposure to SQoses a significant problem for this technology.

(g) Direct PM emissions from diesel engines primarily consist of 3 constituents: elemental carbon (soot), organics,
and sulfates.
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Figure 3-3: A comparison of the NOx reduction efficiency over a range of temperature conditions
for the sulfur-intolerant NOx storage catalyst system (system for lean Gasoline Direct Injection
engine application shovif), the more sulfur-tolerant, active Pt-zeolite catalyst system and a high-
temperature base-metal (Cu-ZSM5) catalyst systefithough peak NOx reductions efficiencies

for various types of non-storage lean-NOx catalysts (similar to the Pt-Zeolite catalyst shown here)
approach 50-60%, average reductions are 15 to 30% over various light- and heavy-duty vehicle and

engine certification cycles.
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(c) Selective Catalytic Reduction

Selective catalytic reduction (SCR) for NOx control is currently available for stationary diesel
engines, and prototype systems have been developed for mobile light- and heavy-diesel applications.
SCR uses ammonia as a reducing agent for NOx over a catalyst composed of precious metals, base
metals, and zeolites. The ammonia is supplied by introducing a urea/water mixture into the exhaust
upstream of the catalyst. The urea/water mixture is typically stored in a separate tank that must be
periodically replenished. NOx reductions of 70% to 90% are possible using such systéese
systems appear to be tolerant of current U.S. on-highway diesel fuel sulfur levels.

Control of the quantity of urea injection into the exhaust, particularly during transient
operation, is an important issue with SCR systems. Injection of too large of a quantity of urea leads
to a condition of “ammonia slip”, whereby excess ammonia formation can lead to both direct
ammonia emissions and oxidation of ammonia to produce (rather than reduce) NOx. There are also
a number of potential hurdles to overcome with respect to a major emission control system that
requires frequent replenishing in order to function. This raises issues related to supply, quality
control, tampering, and the possibility of running the urea tank dry. There is currently no wide-
spread distribution system in the U.S. for supplying the necessary water/urea mixtures for diesel
vehicles and trucks.

E. Diesel Fuel Composition
1. Introduction

The purpose of this section is to assess the current understanding of the role diesel fuel
quality plays in the ability of diesel engines to meet the emission standards in this rule. The effects
of fuel formulation on exhaust emission formation as well as engine durability are examined.

It has long been realized that diesel engine technology alone is not the only mechanism to
lower emissions, diesel fuel quality also plays an important role in emission formation as well as
engine performance. In addition, diesel fuel quality can play a role in the effectiveness of certain
emission control technologies, and in some cases can be considered a technology enabler, i.e., some
emission control devices may not function because of certain diesel fuel properties, such as sulfur
content.

In EPA’s 1997 final rulemaking for the 2004 standards, we stated that we believed the 2004
standards were technologically feasible thru diesel engine technology modifications alone, without
changes to diesel fuel quality (sé2 Federal Register, 54700, Oct. 21, 1997). However, we also
stated that this issue would be revisited in the 1999 technology review rulemaking, “EPA will
evaluate in light of any new information whether diesel fuel improvements are needed for the
standards to be appropriate for 2004"_@B2é&-ederal Register, 54700, Oct. 21, 1997). In section
2 below we review the new information which has become available since the 1997 rulemaking thru
a study performed by the Heavy-duty Engine Working Group and durability information supplied
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by manufacturers. Section 3 below addresses issues regarding the effect of diesel fuel sulfur levels
on emission control system and engine durability for the technology neccessary for HD diesel
engines to comply with the standards in this rule.

2. Heavy-duty Engine Working Group
(a) Background

In anticipation of the need for new information regarding the influence of diesel fuel quality
on future emission technologies and achievable levels, in December of 1995 a new Working Group
called the Heavy-duty Engine Working Group (HDEWG) was formed under the Mobile Source
Technical Advisory Subcommittee of the Clean Air Act Advisory Committee. The HDEWG
consists of approximately 30 members, including representatives from EPA, heavy-duty engine
OEMs, the oil industry, state air quality agencies, private consultants and members of academic
institutions. The HDEWG formed a steering committee which consisted of representatives from
EPA, Cummins, Caterpillar, Navistar, Ford, British Petroleum, Equilon, Mobil Oil, Phillips, the
Engine Manufacturers Association, the American Petroleum Institute, and the National Petroleum
Refinery Association. The HDEWG set as their research objective to contribute to EPA’s 1999
technology review of emission standards for model year 2004 heavy-duty diesel engines by assessing
relative merits of achieving 2.5 g/bhp-hr HC+NOx level either through engine system modifications
alone, or a combination of engine system and fuel modifications.

The HDEWG established a three phase process in order to meet their objective. In Phase 1,
the goal was to determine whether the combined effects of diesel fuel properties on exhaust
emissions of “black box”, advanced prototype engines being developed by engine manufacturers
were large enough to warrant a Phase 2. “Black box” engines are advanced engines being designed
by engine manufacturers to meet the 2004 standards, but the details of each black box engine would
not be shared with the HDEWG. In addition, the HDEWG agreed to use one “transparent” engine
at an independent test facility, Southwest Research Institute (SwRI). During Phase 1, testing was
to be performed on the transparent engine at SwRI, as well as the black box engines at
manufacturers own testing facilities, to determine if the transparent engine was representative of the
black box engines with respect to diesel fuel effects on NOx emissions.

Phase 2 of the program, which would occur upon successful completion of Phase 1, would
be used to test a range of relevant fuel properties on the transparent engine at SwRI, in order to
determine the effects of those fuel properties on emissions. Finally, Phase 3 of the test program
would determine whether or not the results seen during Phase 2 on the transparent engine was in fact
representative of black box engines, i.e., advanced prototype engines being developed by engine
manufacturers to meet the 2004 standards. Phase 3 would be performed at engine manufacturer’s
laboratories using a subset of the fuel matrix from Phase 2.

(b) Phase 1 of the HDEWG Test Program
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The Phase 1 test program consisted of two test phases; first, testing on three fuels by engine
manufacturers at their facilities of “black box” engines, i.e., advanced prototype engines being
designed to meet the 2004 HC+NOx standard, and second, testing on the same three fuels at SwRI
of the transparent engine. The purpose of Phase 1 was to determine first, whether or not changes in
relevant fuel properties had an important effect on NOx emissions for the black box engines which
would justify continuing to Phase 2, and second, whether or not the transparent engine behaved
similarly to the black box engines, and, thus, could be used for Phase 2 testing. Two reports are
available in the docket for this rulemaking which contain detailed information on the Phase 1 portion
of the program, the following discussion will summarize the results of Phase 1, the reader should see
the detailed reports for more in depth informatidfi. Table 3-2 describes the three fuel
formulations used for Phase 1 testing.

Diesel Fuel Formulations used for Ph;saeblle'l:'))éiiing by the Heavy-duty Engine Working Group
Baseline Fuel w/ Naturally High Cetane,

Fuel Property Baseline Fuel Cetane Enhancer Low Aromatic Fuel
Density kg/ni 856 856 823
Cetane Number 45.9 52.4 56.9
Monoaromatics % 26.6 26.2 15.5
Polyaromatics % 9.1 8.9 4.5
Total Aromatics % 35.7 35.1 20

It should be noted that the HDEWG's primary focus was on the effects of diesel fuel
properties on HC and NOx emissions, not on PM emissions, and therefore fuel sulfur level was not
investigated. A significant amount of data exists on the effects of diesel fuel sulfur on engine
emissions, and in fact this data was summarized recently in an SAE paper published by members of
the HDEWG which will be summarized below. Based on the existing data on recent model year HD
engines, diesel fuel sulfur level does have a statistically significant effect on PM emissions, but no
statistically significant effect on HC, CO, or NOx emissions (on engines with no aftertreatment).
For this reason, and because of the focus on HC and NOx emissions, as well as the limitations of the
SwRI transparent engine discussed below, the HDEWG did not include fuel sulfur level as a variable
in Phase 1, 2 or 3 of their test program, nor were PM emissions measured in Phase 1 or 2.

Engine manufacturers tested the three fuels shown in Table 3-2 on a total of six black box
engines. In addition, SWRI tested the transparent engine on the same three fuels. The test cycle used
by SwRIwas the so-called AVL 8-mode test. This steady-state test cycle, with associated weighting
factors, has been shown in the past to correlate very well with NOx emissions measured over the
U.S. FTP. The transparent engine is representative of a modern, heavy-heavy duty diesel engine
which could be certified to 1998 U.S. emission standards in it's baseline condition. SwRI calibrated
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the transparent engine on the baseline test fuel to a 2.7g/hp-hr HC+NOx level utilizing a prototype
low-pressure loop cooled EGR system, this was followed by testing on the two non-baseline fuels.
The cooled EGR system developed by SwRI was not capable of transient operation, and while the
AVL 8-mode does adequately predict transient U.S. FTP NOX, it does not accurately predict PM
emissions, therefore, PM emissions were not measured. Table 3-3 below summarizes the results of
the Phase 1 testing program.

Table 3-3:
Summary of HDEWG Phase 1 Test Results

% Change in NOx Emissions
Naturally High Cetane, Low Baseline Fuel w/ Cetane
Test Engines Aromatic Fuel vs. Baseline Fuel | Enhancer vs. Baseline Fue
Six Black Box
Engines 7.6 percent decrease 2.4 percent increase
SwWRI Transparent
Engine 7.0 percent decrease 3.4 percent increase

The HDEWG concluded the following from the Phase 1 test results; the transparent engine
at SWRI responds to fuel property changes similarly to the black box engines and therefore the
transparent engine is appropriate for the Phase 2 test program, and the magnitude of the fuel effects
on NOx emissions for the transparent engine and the black box engines was significant enough to
warrant the continuation of the program into the Phase 2 testing.

In addition to the test program portion of Phase 1, several members of the HDEWG
performed an extensive literature review of existing data on the effects of diesel fuel formulation on
emissions. The result of this work was recently published by Society of Automotive Engineers,
paper number 982649, “Fuel Quality Impact On Heavy-Duty Diesel Emissions:- A Literature
Review.” This paper reviewed publically available data which looked at the following fuel
properties; sulfur, cetane number, total aromatics, polyaromatics, density, volatility (back-end
volatility as determined by T90/T95) and oxygenates. This paper reviewed published results which
include test data measured from both the U.S. HD transient FTP, as well as the European steady-state
13-mode ECE R49 test cycle. The literature search included engines of various levels of emission
control technology, in general the engines were designed to meet U.S. 1991 through 1998 standards,
or European 1993 through 1996 emission limits. The authors divided the available engines into two
groups; “low emission emitting engines” and “high emission emitting engines.” Low emission
engines were those engines with NOx emissions between approximately 3.5 and 5 g/hp-hr, and PM
emissions approximately between .05 and .2 g/hp-hr. High emission engines were those engines
with NOx emissions between approximately 5.5 and 8 g/hp-hr, and PM emissions approximately
between .4 and .5 g/hp-hr. The paper offers an excellent overview of available information, and the
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details of the paper will not be restated here. A summary of the effects which were found on the
“low emission emitting engines” is summarized in Table 3-4 below.

Table 3-4:
Summary of Diesel Fuel Properties on Recent Model Year Heavy-duty Diesel Emissions from
“low emission emitting engines” from SAE paper 982649

Fuel
Modification HC CcOo NOXx PM
large effect for
moving from
.3% to .05%,
minimal effect
for reducing S
Reduced Sulfur no effect no effect no effect from 0.05%
Increase small decrease
Cetane no effect no effect in NOXx no effect
Reduce Total small decrease
Aromatics no effect no effect in NOXx no effect
large increase i small increase i small decrease
Reduce Density HC CO in NOx no effect
Reduce small decrease small decrease
Polyaromatics in HC no effect in NOx no effect
Reduce very small very small very small
T90/T95 increase in HC | increase in CO| decrease in NO» no effect

The authors noted that there was very little information available on the effect of increasing
oxygenates, and any conclusions would be very tentative, therefore, the summary of oxygenates is
not included here. It should be noted that the term “low emission emitting engines” employed by
the authors is well above the 2.5g/hp-hr HC+NOX level.

Based on the results of the Phase 1 results for “black box” engines, the “transparent” engine,
and the literature review of available data, the HDEWG agreed to proceed to Phase 2.

(c) Phase 2 of the HDEWG Test Program
The purpose of the Phase 2 component of the test program was to test a range of relevant fuel
properties on the transparent engine at SwRI in order to determine the effects of various fuel

properties on emissions. All testing during Phase 2 of the test program was done at SwRI on the
transparent engine. The parameters investigated and the results of the Phase 2 testing are
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summarized in this section. A document containing detailed information on the Phase 2 test program
is available in the docket for this rulemaking, the following discussion will summarize the relevant
results of Phase 2, the reader should see the detailed report for more in depth inféfmation.

Based on the results of the Phase 1 testing, as well as the literature review performed under
Phase 1, the HDEWG selected four fuel properties for investigation under Phase 2: density, cetane
(natural and “boostedll, monoaromatic content and polyaromatic content. As mentioned previously,
fuel sulfur level was not investigated. A test matrix was designed to decouple these fuel properties
from each other, in addition, fuel blends were added to the matrix to evaluate density effects as a
function of engine injection timing and a direct comparison of natural and boosted cetane number.
The design matrix included two levels of density, monoaromatic hydrocarbons, polyaromatic
hydrocarbons, and three levels of cetane. The final matrix included eighteen test fuels, with density
varying from 830 to 860 kg/incetane numbers from 42 to 48 to 53, monoaromatic content from 10
to 25 percent, and polyaromatic content from 2.5 to 10 percent. For all emission testing, the AVL
8-mode test was utilized, and all emission tests were performed at least in duplicate. In addition to
the fuel property effects, the effects of injection timing and EGR were evaluated. The SwRI
prototype, low-pressure loop, cooled EGR system was manually controlled to set EGR rates in order
to approach an AVL 8-mode composite NOx level of 2.5g/hp-hr.

The large quantity of test data generated by the test program was evaluated using statistical
techniques in order to develop exhaust emission and fuel consumption prediction models based on
the four fuel properties. All properties were evaluated using a significance level of 5 percent. The
HDEWG examined the dependence of emissions and fuel consumption on the four parameters
(density, cetane, monoaromatic content and polyaromatic content).

The following tables summarize the most important results of the Phase 2 test program.
Table 3-5 summarizes the effects of individiull properties on predicted NOx, HC, and HC+NOx
emissions. Table 3-6 summarizes the combgféetts of fuel properties on predicted NOx, HC,
and HC+NOx emissions. Table 3-6 contains a summary of percent changes in predicted results for
two fuels, a blend representative of current U.S. diesel fuel (based on national fuel surveys for 1994
and 1995, except for polyaromatic content, which was estimated by the HDEWG), and a “clean”
diesel fuel, i.e., a fuel low in density, high in cetane, and low in both monoaromatics and
polyaromatics.

(h) Boosted cetane is achieved by the addition of a fuel additive, in this case ethylhexyl nitrate
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Table 3-5:
Effects of Individual Fuel Properties on Predicted Emissions from Phase 2 Testing of the Heavy-
duty Engine Working Group Project (Reference values for NOx, HC, and HC+NOx of 2.57 g/hp-
hr, 0.13 g/bhp-hr, and 2.7 g/bhp-hr respectively were used. Negative percentages represent a
decrease in emissions with the corresponding decrease in fuel property)

Density
860— 830 Cetane Number | Monoaromatics | Polyaromatics

Pollutant kg/m? 52— 42 25— 10 % 10425 %
% NOx Change
@ 2.57 g/bhp-hr -4.8 -1.3 -3.8 -2.2
% HC Change
@ 0.13 g/bhp-hn  Not Significant 14.3 -7.8 -9.2

% HC+NOX

Change @ 2.70

g/bhp-hr -4.3 Not Significant -4.3 -2.3

Table 3-6:
Combined Effects Fuel Properties on Predicted Emissions from Phase 2 Testing of the Heavy-
duty Engine Working Group Project (Reference values for NOx, HC, and HC+NOx of 2.57 g/hp-
hr, 0.13 g/bhp-hr, and 2.7 g/bhp-hr respectively were used. Negative percentages represent a
decrease in emissions)

Fuel Property Predicted Emission Change
Density | Cetane | Mono- Poly- % Change| % Change| % Change
kg/m® | Number | aromatics | aromatic | in NOx inHC vs. |in
% s % VS. “Light” at | HC+NOx
“Light” at | 0.13 VS.
2.57g/bh | g/bhp-hr | “Light” at
p-hr level | level 2.70g/bh
p-hr level
Average U.S.
Diesel Fuel 845 45 25 9
“Light”, High
Cetane, Low
Aromatic Fuel 830 52 10 2.5 -7.2 -25.8 -84

The test data was also analyzed to look at the effect of the prototype low pressure loop,
cooled EGR system on measured emissions and on measured fuel consumption (not predicted).
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Duplicate emission tests performed on each of seven test fuels with the EGR system on and off were
examined. The results indicated EGR had a strong, statistically significant effect on NOx emissions,
no effect on HC emissions, and a strong effect on HC+NOx emissions. The EGR system used
reduced NOx emissions between 35.9 and 37.2 percent, and HC+NOXx emissions by 34.2 to
35.3percent. The EGR system had no statistically significant impact on brake-specific fuel
consumption.

(d) Phase 3 of the HDEWG Test Program

Phase 3 of the test program has not been completed. The purpose of the Phase 3 program
will be to determine whether or not the Phase 2 results seen on the transparent engine are
representative of “black box” engines, i.e., advanced, prototype HD diesels being developed by
manufacturers to meet the 2004 standards. The Phase 3 testing will occur at individual engine
manufacturers facilities, and will utilize full U.S. FTP transient emission testing, and will include
PM measurement. The Phase 3 program is scheduled to be competed in mid-1999.

(e) EPA Assessment of HDEWG Data

The most significant data for this rulemaking activity generated up to this point in time by
the HDEWG s presented in Tables 3-5 and 3-6. The data in Table 3-5 indicates that for engines
utilizing advanced fuel injection and a cooled EGR system operating at emissions levels near the
2004 standards, the effects of relatively large changes in individual fuel properties is statistically
significant but rather small, and for cetane number not statistically significant. A large decrease in
fuel density (from 860 to 830 kg or in monoaromatic content (from 25 to 10 percent) is
predicted to result in a 4.3 percent decrease in HC+NOx emissions, and a large decrease in
polyaromatics content (from 10 to 2.5 percent) is predicted to result in a 2.3 percent decrease in
HC+NOx emissions.

The data in Table 3-6 indicates the potential impacts on HC+NOx emissions from the
combined effects of significantly changing diesel fuel formulation from today’s currently available
U.S. on-highway diesel fuel. The results predict that a combined, relatively large decrease in density,
large increase in cetane, and large decrease in both monoaromatic content and polyaromatic content
would result in a 8.4 percent decrease in HC+NOx emissions.

3. Fuel Sulfur Impact on Engine Durability
(a) Condensate Issues

Cooled EGR poses several design issues, one of those being corrosion from EGR condensate.
This condensate is composed of two major components, water and sulfuric acid. The water is a
normal byproduct of combustion and the sulfuric acigh@®)) is formed primarily from sulfur in
the fuel. The rate of acid condensation is proportional to the concentration of sulfur in the fuel.
Current on-highway requirements limit diesel fuel sulfur to 500 ppm or less. Manufacturers have
proposed at least 30 ppm maximum sulfur fuel to minimize sulfur induced corrosion.
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The EGR cooler, intake plumbing, intake manifold, cylinder kit (piston rings and cylinder
liner), and engine oil will be exposed to this condensate. The EGR cooler will be the most critical
component from a corrosion standpoint. It will be cooling raw exhaust, which is more likely to
condense than the diluted exhaust found in the engine intake system. Corrosion of the EGR system
and intake charge plumbing can lead to contamination of the intake charge. Particles from the walls
of the intake plumbing can be released by the corrosion process and carried by the intake charge into
the cylinders. Once there, the particles act to abrasively wear the cylinder kit causing loss of oil
control. Corrosion induced pitting on the cylinder liner from the sulfuric acid entrained in the EGR
could also be an issue.

The engine oil will also be impacted by the fuel sulfur and EGR. The sulfuric acid can get
into the engine oil via the blow-by or via deposition on the cylinder liner. The result will be
accelerated depletion of the oil PH control package.

(b) Corrosion Resistance

Most of the EGR induced corrosion issues will be dealt with through careful material and
bonding process selection. Stainless steels with higher nickel or cobalt content may be necessary
to provide the required EGR cooler lffeBonding methods used in the construction of these coolers
are also available to reduce corrosion. Along with corrosion resistant materials, the EGR can also
be controlled to minimize condensation under adverse conditions, such as cold start. This attention
to material selection and the level of EGR cooling will minimize the condensation impact on engine
durability.

Engine oil reformulation studies have already begun to set a new standard for engines with
cooled EGR. Improved TBN control additive packages will be part of this standard along with
increased oil soot tolerance capability. These improvements should allow the oil to perform at least
as well as current (non-EGR) oils.

F. Performance of Projected Emission Control Technologies over Typical In-
Use Conditions

The technologies discussed in this chapter, cooled EGR, advanced fuel injection systems with
rate shaping, and variable-nozzle turbochargers, combined with electronic control systems, are all
applicable for in-use operation, under both steady-state and transient operation. The Agency expects
that this technology package can achieve the emission reductions necessary to comply with the 2004
standards under a large variety of operating conditions, not simply the test cycle contained in the
Federal transient FTP. Many of the published reports in the past several years have looked at the
application of these technologies not only under transient operation, but also under steady-state test
cycle conditions. Some of these reports included data for the steady-state cycles used in Japan and
Europe, which are similar to the EPA cycle for the steady-state MAEL requirements. As indicated
in Table 3-7, NOx and PM performance in these steady-state conditions are at or near the standards
in this rulemaking. In addition, the test results included in the 1997 RIA indicate NOx and PM
performance at or near the standards using both transient and steady-state tests. The Agency sees
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no reason why the technologies discussed previously would not function sufficiently well under a
wide range of operating conditions, and thus we expect them to be designed to provide comparable
levels of emission control under a wide range of operating conditions in the timeframe require by
this rule. As discussed previously, cooled EGR alone has been demonstrated under laboratory
conditions to provide NOx reductions up to 90 percent at light load conditions and up to 60 percent
near rated speed. These conclusions are fully consistent with the expectation in the 1997
rulemaking.

Following the October 29, 1999 Federal Register publication of the proposal for this final
rule the Agency met with a number of HD diesel engine manufacturers to discuss the supplemental
test procedure requirements. During this time we received a substantial amount of confidential
business information from a number of HD diesel manufacturers who are designing engines to
comply with the NTE requirements under the 1998 HD diesel consent decrees. We have
summarized this information into a memorandum which is available for review in the public docket
for this rule®® This memorandum shows that a number of manufacturers have made significant
progress towards meeting the 2007 supplemental requirements. The principle issue which
manufacturers are now in the process of addressing is the ability to drive and control cooled EGR
under high load conditions for highly rated versions of their engines. Manufacturers have
encountered a number of technical issues, depending on the engine design path they have chosen.
Some manufacturers are encountering the physical limitations of current turbocharger designs, while
others are addressing complex control strategies which in some cases push the limits of currently
available sensors and actuators. Engine manufacturers are at different stages of product development
for achieving NTE limits. Based on the information provided to the Agency, those manufacturers
who have progressed the furthest have narrowed the remaining technical issues substantially. These
manufacturers have narrowed the focus of their efforts to the ability to drive and control EGR for
the highly rated versions of their engines while maintaining engine performance, under the high load
regions of the NTE, and only under ambient conditions of high temperature and/or high altitude.
The Agency also spoke with a major turbocharger manufacturer regarding the performance
capabilities of turbocharger in the 2004 time frame and befoRdsed on the emission capabilities
of the emission control technologies previously discussed in this RIA (cooled EGR, advanced
turbomachinery, and advanced fuel injection systems), the information the Agency has received from
manufacturers, and the summary of the confidential information provided by a number of engine
manufacturers, the Agency concludes the supplemental test procedure requirements (NTE and SSS)
are technically feasible by 2007.

For these reasons, EPA believes the primary technologies discussed in this chapter will
provide the necessary NMHC+NOx and PM control on the existing transient FTP by 2004, as well
as the supplemental test cycles, procedures and associated standards contained in this rule for 2007.
Thus, we do not expect these requirements to impose new hardware burdens. Manufacturers are
expected to only need to conduct additional emission testing and perform recabilbration of their
engines to comply with these requirements.

G. Summary and Conclusions regarding HD Diesel Technologies
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The Regulatory Impact Analysis document for the 1997 HD diesel FRM documents EPA’s
analysis which lead to the conclusion that the Agency believed the 2004 HD NOx+NMHC standards
were technologically feasible. This RIA contains EPA’s reassessment of the technological feasibility
of these standards, including a discussion of the role diesel fuel quality plays in the appropriateness
of the standards. Table 3-7 summarizes the emission performance results of several studies that were
recently conducted on heavy-duty diesel engines, and which have been discussed earlier in this
In the technological feasibility chapter of the 1997 RIA for this rule, a similar table is

chapter.
presented for results up to 1997.

Table 3-7:
Summary of recently published data on 2004 capable control strategies
Technology Test NOx PM BSFC
Cycle
VGT turbocharged, aftercooled, 4t ECE R49( 2.24 g/hp-hr | 0.08 g/hp-hy No
valve/cyl, high-pressure fuel 13-mode significant
injection, HPL cooled EGR, with change
full-flow venturi mixer?
VGT turbocharged, aftercooled, | ECE R49| 1.80 g/hp-hr | 0.08 g/hp-hf 2.3% inc.
high-pressure electronic fuel 13-mode from no
injection, HPL cooled EGR, with EGR
full-flow venturi mixef?
VGT turbocharged, aftercooled, | Japanese| 22% dec. No 1.5% dec.
HPL cooled EGR 13-mode | from no significant | from no
EGR & VGT | change EGR & VGT
waste-gate turbocharged, air-air | Euro-3 3.24 g/hp-hr | 0.06 g/hp-hf No
aftercooled, 4 valve/cyl, MEUI fue| ESC significant
injection, HPL cooled EGR with change
partial flow venturi mixet
same as above, including referenge  Euro-82.33 g/hp-hr | 0.08 g/hp-hf 0.9% inc.
ESC from no
EGR
same as above, including referen¢ge  Euro-81.83 g/hp-hr | 0.15 g/hp-hf 2.4% inc.
ESC from no
EGR

These results and the results indicated in the 1997 RIA show the types of emission values
which can be achieved from the combination of cooled EGR, advanced electronic controls, advanced
turbo-chargers, and high-pressure fuel injection systems with rate shaping capabilities. The results
above indicate that current technology can achieve NOx and PM results at or near the 2004
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standards. Results referenced in the 1997 RIA include a study showing HC + NOXx levels of 2.54
g/bhp-hr on the current transient cycle FTP. Based on the tests that have been conducted in the past
few years, EPA projects that manufacturers will continue to optimize fuel injection and EGR
strategies in the lead time available to them , and will be able to meet the NMHC+NOXx emission
standards in this rule, while continuing to meet the PM standard, with little or no brake specific fuel
consumption penalty. Also, as discussed previously, the Agency has placed information into this
rulemaking record summaries of information and discussion with engine manufacturers and
component suppliers regarding the feasibility of the 2007 supplemental requirements. This
information shows manufacturers have made substantial progress towards meeting the supplemental
requirements (NTE and supplemental steady-state requirements). Considering the remaining
technical issues, the potential solution to these issues, and the significant lead time (more than six
years), the Agency concludes the supplemental requirements contained in this final rule will be
feasible by model year 2007.

[ll. HD Otto-cycle Engine & Vehicle Technologies

The purpose of this sub-chapter is to further expand upon the technical discussion that was
presented in the preamble. HD otto-cycle vehicle and engine exhaust emissions can be reduced by
a number of technologies, but the most potential for improvement exists in reductions to base
engine-out emissions, improvement in air-fuel ratio control, better fuel delivery and atomization, and
continued advances in exhaust aftertreatment.

The following descriptions provide an overview of the latest technologies capable of reducing
exhaust emissions. The descriptions will also discuss the state of development and current
production usage of the various technologies. It is important to point out that the use of all of the
following technologies is not required to further reduce emissions. The choices and combinations
of technologies will depend on several factors, such as current engine-out emission levels,
effectiveness of existing emission control systems, and individual manufacturer preferences. With
the exception of a few technologies, many of these technologies are used in some heavy-duty and
light-duty vehicles already in production.

EPA used a number of references for the following discussion. EPA consulted an Energy
and Environmental Analysis, Inc. (EEA), study evaluating emission control technologies for light-
duty vehicles and light-duty trucR$ EPA used as references, the State of California Air Resources
Board (CARB) staff reports on “Low-Emission Vehicle and Zero-Emission Vehicle Program
Review,” and “LEVII” published in November 1996 and September 1998 respedtiteBPA also
used as a reference information from the Manufacturers of Emission Controls Association (MECA)
and vehicle manufacturers.

While the EEA report focused on light-duty vehicles, the emissions controls for heavy-duty
vehicles would be very similar. Often technologies are first introduced on light-duty vehicles and
then later applied to heavier vehicles as needed. For example, most heavy-duty vehicles and engines
are now equipped with sequential fuel injection, three way catalyst systems with closed loop control,
and EGR. The CARB medium-duty vehicle program applies to vehicles up to 14,000 pounds
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GVWR and includes LEV and ULEV standards. For heavy-duty vehicles and engine specifically,
EPA contracted Arcadis Geraghty and Miller to review technologies and perform cost analyses for
the standards that were proposed in the NPRM for this rulem&king.

A. Base Engine Improvements

There are several design techniques that can be used for reducing engine-out emissions,
especially for HC and NOx. The main causes of excessive engine-out emissions are unburned HCs
and high combustion temperatufesNOx. Methods for reducing engine-out HC emissions include
the reduction of crevice volumes in the combustion chamber, reducing the combustion of lubricating
oil in the combustion chamber and developing leak-free exhaust systems. Leak-free exhaust systems
are listed under base engine improvements because any modifications or changes made to the
exhaust manifold can directly affect the design of the base engine. Base engine control strategies
for reducing NOx include the use of “fast burn” combustion chamber designs, multiple valves with
variable-valve timing, and exhaust gas recirculation.

1. Combustion Chamber Design

Unburned fuel can be trapped momentarily in crevice volumes (i.e., the space between the
piston and cylinder wall) before being subsequently released. Since trapped and re-released fuel can
increase engine-out HC, the reduction of crevice volumes is beneficial to emission performance.
One way to reduce crevice volumes is to design pistons with reduced top “land heights” (distance
between the top of the piston and the first piston ring). The reduction of crevice volume is especially
preferable for vehicles with larger displacement engines, since they typically produce greater levels
of engine-out HC than smaller displacement engines.

Another cause of excess engine-out HC emissions is the combustion of lubricating oil that
leaks into the combustion chamber, since heavier hydrocarbons in oil do not oxidize as readily as
those in gasoline. Oil in the combustion chamber can alsgdssmusiC from the fuebnd release
it later unburned. In addition, some components in lubricating oil can poison the catalyst and reduce
its effectiveness. To reduce oil consumption, vehicle manufacturers will tighten tolerances and
improve surface finishes for cylinders and pistons, improve piston ring design and material, and
improve exhaust valve stem seals to prevent excessive leakage of lubricating oil into the combustion
chamber.

As discussed above, engine-out NOx emissions result from high combustion temperatures.
Therefore, the main control strategies for reducing engine-out NOx are designed to lower
combustion temperature. The most promising techniques for reducing combustion temperatures,
and thus engine-out NOx emissions, are the combination of increasing the rate of combustion,
reducing spark advance, and adding a diluent to the air-fuel mixture, typically via exhaust gas
recirculation (EGR). The rate of combustion can be increased by using “fast burn” combustion
chamber designs. A fast burn combustion rate provides improved thermal efficiency and a greater
tolerance for dilution from EGR resulting in better fuel economy and lower NOx emissions. There
are numerous ways to design a fast burn combustion chamber. However, the most common
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approach is to induce turbulence into the combustion chamber which increases the surface area of
the flame front and thereby increases the rate of combustion, and to locate the spark plug in the
center of the combustion chamber. Locating the spark plug in the center of the combustion chamber
promotes more thorough combustion and allows the ignition timing to be retarded, decreasing the
dwell time of hot gases in the combustion chamber and reducing NOx formation. Many engine
designs induce turbulence into the combustion chamber by increasing the velocity of the incoming
air-fuel mixture and having it enter the chamber in a swirling motion (known as “swirl”).

2. Improved EGR Design

One of the most effective means of reducing engine-out NOx emissions is exhaust gas
recirculation. By recirculating spent exhaust gases into the combustion chamber, the overall air-fuel
mixture is diluted, lowering peak combustion temperatures and reducing NOx. As discussed above,
the use of high swirl, high turbulence combustion chambers can allow the amount of EGR to be
increased from current levels of 15 to 17 percent to levels possibly as high as 2pdcest,
resulting in a 15 to 20 percent reduction in engine-out NOx emissions.

Many EGR systems in today’s vehicles utilize a control valve that requires vacuum from the
intake manifold to regulate EGR flow. Under part-throttle operation where EGR is needed, engine
vacuum is sufficient to open the valve. However, during throttle applications near or at wide-open
throttle, engine vacuum is too low to open the EGR valve. While EGR operation only during part-
throttle driving conditions has been sufficient to control NOx emissions for most vehicles in the past,
more stringent NOx standards and emphasis on controlling off-cycle emission levels may require
more precise EGR control and additional EGR during heavy throttle operation to reduce NOx
emissions. Many manufacturers now use electronic EGR in place of mechanical back-pressure
designs. By using electronic solenoids to open and close the EGR valve, the flow of EGR can be
more precisely controlled.

While most manufacturers agree that electronic EGR gives more precise control of
EGR flow rate, not all manufacturers are using it. Numerous LEV vehicles certified for the 1998
model year still use mechanical EGR systems, and in some cases, no EGR at all. Nonetheless, the
use of EGR remains a very important tool in reducing engine-out NOx emissions, whether
mechanical or electronic.

3. Multiple Valves and Variable-Valve Timing

Conventional engines have two valves per cylinder, one for intake of the air-fuel mixture and
the other for exhaust of the combusted mixture. The duration and lift (distance the valve head is

(i) Some manufacturers have stated that EGR impacts the ability to control net air-fuel ratios tightly due to
dynamic changes in exhaust back pressure and temperature, and that the advantages of increasing EGR flow rates
are lost partly in losses in air-fuel ratio control even with electronic control of EGR. Higher EGR flow rates can be
tolerated by modern engines with more advanced combustion chambers, but EGR cooling may be necessary to
achieve higher EGR flow rates within acceptable detonation limits without significant loss of air-fuel control.
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pushed away from its seat) of valve openings is constant regardless of engine speed. As engine
speed increases, the aerodynamic resistance to pumping air in and out of the cylinder for intake and
exhaust also increases. By doubling the number of intake and exhaust valves, pumping losses are
reduced, improving the volumetric efficiency and useful power output.

In addition to gains in breathing, the multiple-valve (typically 4-valve) design allows the
spark plug to be positioned closer to the center of the combustion chamber (as discussed above)
which decreases the distance the flame must travel inside the chamber. In addition, the two streams
of incoming gas can be used to achieve greater mixing of air and fuel, further increasing combustion
efficiency which lowers engine-out HC emissions.

Even greater improvements to combustion efficiency can be realized by using valve timing
and lift control to take advantage of the 4-valve configuration. Conventional engines utilize fixed-
valve timing and lift across all engine speeds. Typically the valve timing is set at a level that is a
compromise between low speed torque and high engine speed horsepower. At light engine loads it
would be desirable to close the intake valve earlier to reduce pumping losses. Variable valve timing
can enhance both low speed torque and high speed horsepower with no necessary compromise
between the two. Variable valve timing can allow for increased swirl and intake charge velocity,
especially during low load operating conditions where sufficient swirl and turbulence tend to be
lacking. By providing a strong swirl formation in the combustion chamber, the air-fuel mixture can
mix sufficiently, resulting in a faster, more complete combustion, even under lean air-fuel
conditions, thereby reducing emissions. Variable valve technology by itself may have somewhat
limited effect on reducing emissions. Several vehicle manufacturers estimate emission reductions
of 3%-10% for both, NMHC and NOx, but reductions could be increased when variable valve timing
is combined with optimized spark plug location and additional EGR.

Multi-valve engines already exist in numerous federal and California certified vehicles and
are projected by CARB to become even more common. CARB also projects that in order to meet
LEV and ULEV standards, more vehicles will have to make improvements to the induction system,
including the use of variable valve timing.

4. Leak-Free Exhaust System

Leaks in the exhaust system can result in increased emissions, but not necessarily from
emissions escaping from the exhaust leak to the atmosphere. With an exhaust system leak, ambient
air is typically sucked into the exhaust system by the pressure difference created by the flowing
exhaust gases inside the exhaust pipe. The air that is sucked into the exhaust system is unmetered
and, therefore, unaccounted for in the fuel system’s closed-loop feedback control, resulting in erratic
and/or overly rich fuel control. This results in increased emission levels and potentially poor drive
ability. In addition, an air leak can cause an oxidation environment to exist in a three-way catalyst
at low speeds that would hamper reduction of NOx and lead to increased NOx emissions.

Some vehicles currently use leak-free exhaust systems today. These systems consist of an
improved exhaust manifold/exhaust pipe interface plus a corrosion-free flexible coupling inserted
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between the exhaust manifold flange and the catalyst to reduce stress and the tendency for leakage
to occur at the joint. In addition, improvements to the welding process for catalytic converter
canning could ensure less air leakage into the converter and provide reduced emissions. CARB and
MECA project that vehicle manufacturers will continue to incorporate leak-free exhaust systems as
emission standards become more stringent.

5. Improvements in Air-Fuel Ratio Control

Modern three-way catalysts require the air-fuel ratio (A/F) to be as close to stoichiometric
operation (the amount of air and fuel just sufficient for nearly complete combustion) as possible.
This is because three-way catalysts simultaneously oxidize HC and CO, and reduce NOx. Since HC
and CO are oxidized during A/F operation slightly lean of stoichiometry, while NOx is reduced
during operation slightly rich of stoichiometry, there exists a very small A/F window of operation
around stoichiometry where catalyst conversion efficiency is maximized for all three pollutants (i.e.,
less than 1% deviation in A/F or roughly £ 0.15). Contemporary vehicles have been able to maintain
stoichiometric, or very close to it, operation by using closed-loop feedback fuel control systems. At
the heart of these systems has been a single heated exhaust gas oxygen (HEGO) sensor. The HEGO
sensor continuously switches between rich and lean readings. By maintaining an equal number of
rich readings with lean readings over a given period, the fuel control system is able to maintain
stoichiometry. While this fuel control system is capable of maintaining the A/F with the required
accuracy under steady-state operating conditions, the system accuracy is challenged during transient
operation where rapidly changing throttle conditions occur. Also, as the sensor ages, its accuracy
decreases.

(a) Dual Oxygen Sensors

Many vehicle manufacturers have placed a second HEGO sensor(s) downstream of one or
more catalysts in the exhaust system as a method for monitoring the catalyst effectiveness of the
federally and California mandated on-board diagnostic (OBD II) system. In addition to monitoring
the effectiveness of the catalyst, the downstream sensors can also be used to monitor the primary
control sensor and adjust for deterioration, thereby maintaining precise A/F control at higher
mileages. Should the front primary HEGO sensor, which operates in a higher temperature
environment, begin to exhibit slow response or drift from its calibration point, the secondary
downstream sensor can be relied upon for modifying the fuel system controls to compensate for the
aging effects. By placing the second sensor further downstream from the hot engine exhaust, where
it is also less susceptible to poisoning, the rear sensor is less susceptible to aging over the life of the
vehicle. As aresult, the use of a dual oxygen sensor fuel control system can ensure more robust and
precise fuel control, resulting in lower emissions.

Currently, all vehicle manufacturers use a dual oxygen sensor system for monitoring the
catalyst as part of the OBD Il system. As discussed above, most manufacturers also utilize the
secondary HEGO sensor for trim (i.e., adjustments to) of the fuel control system. It is anticipated
that all manufacturers will soon use the secondary sensor for fuel trim.
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(b) Universal Oxygen Sensors

The universal exhaust gas oxygen (UEGO) sensor, also called a "linear oxygen sensor”, could
replace conventional HEGO sensors. Conventional HEGO sensors only determine if an engine's A/F
is richer or leaner than stoichiometric, providing no indication of what the magnitude of the A/F
actually is. In contrast, UEGOQO's are capable of recognizing both the direction and magnitude of A/F
transients since the voltage output of the UEGO is "proportional” with changing A/F (i.e., each
voltage value corresponds to a certain A/F). Therefore, proportional A/F control is possible with the
use of UEGO sensors, facilitating fastermp@sse of the fuel feedback control system and tighter
control of A/F.

Although some manufacturers are currently using UEGO sensors, discussions with various
manufacturers suggest that some manufacturers are of mixed opinion as to the future applicability
of UEGO sensors. Because of their high cost, manufacturers claim that it may be cheaper to improve
HEGO technology rather than utilize UEGO sensors. An example of this is the use of a “planar”
design for HEGO sensors. Planar HEGO sensors (also known as “fast light-off” HEGO sensors)
have a thimble design that is considerably lighter than conventional designs. The main benefits are
shorter heat-up time and faster sensor response.

(c) Individual Cylinder A/F Control

Another method for tightening fuel control is to control the A/F in each individual cylinder.
Current fuel control systems control the A/F for the entire engine or a bank of cylinders. By
controlling A/F for the entire engine or a bank of cylinders, any necessary adjustments made to fuel
delivery for the engine are applied to all cylinders simultaneously, regardless of whether all cylinders
need the that amount of fuel delivered. For example, there is usually some deviation in A/F between
cylinders. If a particular cylinder is rich, but the "bulk" A/F indication for the engine is lean, the fuel
control system will simultaneously increase the amount of fuel delivered to all of the cylinders,
including the rich cylinder. Thus, the rich cylinder becomes even richer having a potentially negative
effect on the net A/F.

Individual cylinder A/F control helps diminish variation among individual cylinders. This
is accomplished by modeling the behavior of the exhaust gases in the exhaust manifold and using
sophisticated software algorithms to predict individual cylinder A/F. Individual cylinder A/F control
requires use of an UEGO sensor in lieu of the traditional HEGO sensor, and requires a more
powerful engine control computer.

(d) Adaptive Fuel Control Systems

The fuel control systems of virtually all current vehicles incorporate a feature known as
"adaptive memory" or "adaptive block learn.”" Adaptive fuel control systems automatically adjust
the amount of fuel delivered to compensate for component tolerances, component wear, varying
environmental conditions, varying fuel compositions, etc., to more closely maintain proper fuel
control under various operating conditions.
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For most fuel control systems in use today, the adaption process affects only steady-state
operation conditions (i.e., constant or slowly changing throttle conditions). Because transient
operating conditions have always provided a challenge to maintaining precise fuel control, the use
of adaptive fuel control for transient operation would be extremely valuable. Accurate fuel control
during transient driving conditions has traditionally been difficult because of inaccuracies in
predicting the air and fuel flow under rapidly changing throttle conditions. Air and fuel dynamics
within the intake manifold (fuel evaporation and air flow behavior), and the time delay between
measurement of air flow and the injection of the calculated fuel mass, result in temporarily lean A/F
during transient operation. Variation in fuel properties, particularly distillation characteristics, also
increases the difficulty in predicting A/F during transients. These can all lead to poor drive ability
and an increase in NOx emissions.

6. Electronic Throttle Control Systems

As mentioned above, the time delay between the air mass measurement and the calculated
fuel delivery presents one of the primary difficulties in maintaining accurate fuel control and good
drive ability during transient driving conditions. With the conventional mechanical throttle system
(a metal linkage connected from the accelerator pedal to the throttle blade in the throttle body), quick
throttle openings can result in a lean A/F spike in the combustion chamber. Although algorithms
can be developed to model air and fuel flow dynamics to compensate for these time delay effects,
the use of an electronic throttle control system, known as “drive-by-wire” or “throttle-by-wire,” may
better synchronize the air and fuel flow to achieve proper fueling during transients (e.g., the driver
moves the throttle, but the fuel delivery is momentarily delayed to match the inertial lag of the
increased airflow).

While this technology is currently used in several vehicle models, it is considered expensive
and those vehicles equipped with the feature are expensive higher end vehicles. Because of its high
cost, itis not anticipated that drive-by-wire technology will become commonplace in the near future.

B. Improvements in Fuel Atomization

In addition to maintaining a stoichiometric A/F ratio, itis also important that a homogeneous
air-fuel mixture be delivered at the proper time and that the mixture is finely atomized to provide
the best combustion characteristics and lowest emissions. Poorly prepared air-fuel mixtures,
especially after a cold start and during the warm-up phase of the engine, result in significantly higher
emissions of unburned HC since combustion of the mixture is less complete. By providing better
fuel atomization, more efficient combustion can be attained, which should aid in improving fuel
economy and reducing emissions. Sequential multi-point fuel injection and air-assisted fuel injectors
are examples of the most promising technologies available for improving fuel atomization.

1. Sequential Multi-Point

Typically, conventional multi-point fuel injection systems inject fuel into the intake manifold
by injector pairs. This means that rather than injecting fuel into each individual cylinder, a pair of
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injectors (or even a whole bank of injectors) fires simultaneously into several cylinders. Since only
one of the cylinders is actually ready for fuel at the moment of injection, the other cylinder(s) gets
too much or too little fuel. With this less than optimum fuel injection timing, guddling and

intake manifold wall wetting can occur, both of which can hinder complete combustion. Sequential
injection, on the other hand, delivers a manecise amount of fuel that is required by each cylinder

to each cylinder at the appropriate time. Because of the emission reductions and other performance
benefits “timed” fuel inject